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Nonaqueous lithium-oxygen batteries (LOBs) have drawn substantial publicity for 
nearly two decades primarily because of the lure of an extremely high specific energy 
which can be used to build large scale electrical energy storage systems (EES). Their 
theoretical specific energy of 11,680 Wh.kg-1 (based on the weight of lithium only) is 
comparable to that of gasoline (13,000 Wh.kg-1) and significantly higher than those of 
the state-of-the-art lithium ion batteries (LIBs). However, the commercialization of 
LOBs is fraught with many technical challenges such as the instability of the lithium 
anode, electrolyte decomposition, and the sluggish kinetics of the oxygen cathode. 
Among them, the slow kinetics of the oxygen reduction reaction (ORR) during 
discharge and of the oxygen evolution reaction (OER) during recharge is the most 
critical one. The development of effective oxygen electrocatalysts is the only solution 
to improve the reaction kinetics at the oxygen electrode.   
 
This thesis research presents our designs of oxygen electrocatalysts that could improve 
the capacity, rate capability, and cycle stability for nonaqueous LOBs. Noble metal 
alloys, noble metal clusters, simple and complex transition metal oxides (perovskite), 
and selective carbon nanomaterials (multiwall carbon nanotubes, nitrogenated hollow 
mesoporous carbon spheres and nitrogenated reduced graphene oxide sheets) were 
used in various combinations to form hybrid catalytic systems for evaluation in full 
LOB systems. 
 
The results of this thesis research are discussed over 7 chapters. Chapter 1 contains 
primarily statements of purpose and defines the scope of work. Chapter 2 provides an 




composite catalyst for oxygen electrocatalysis in this thesis study - AuPt alloy 
nanoparticles supported on hollow mesoporous carbon microspheres (AuPt/HMCMS). 
Electrochemical measurements indicated that this catalyst was able to deliver a high 
specific capacity of 6000 mAh/g at a relatively high current density of 100 mA/g. A 
full cell with this catalyst could be cycled steadily to a capacity of 1000 mAh/g at 100 
mA/g for 70 cycles. Chapter 4 explores the hitherto unreported use of metal clusters in 
conjunction with MnO2 as potential oxygen electrocatalysts. The hybrids were in the 
form of Au clusters on -MnO2 nanowires (Au-MnO2) and Ag clusters on -MnO2 
nanowire (Ag-MnO2). The former was the better of the two, which also out-performed 
MnO2 nanowires without any metal clusters. In fact the Au-MnO2 catalyst was as good 
as the AuPt/HMCMS catalyst (Chapter 3) in term of capacity and cycling stability in 
full cell tests. The development of non-noble metal catalyst systems are discussed in 
Chapter 5 and Chapter 6. Chapter 5 describes the preparation of carbon-coated flower-
like aggregates of cobalt oxide NPs on multiwall carbon nanotubes (CoO-CNT) as a 
hybrid catalyst. Each CoO NP was coated with thin layer of nitrogenated carbon and 
the CoO nanoflowers were anchored onto the CNTs to increase the extrinsic 
conductivity of individual CoO NP and the hybrid. The CoO-CNTs catalyst delivered 
excellent full cell performance. Morphology examination of the catalyst during 
discharge and charge explained the effectiveness of the CoO-CNTs system for OER; 
indicated the effectiveness of the charge transfer property modification. Chapter 6 
reports the performance of hybrids of LaCoO3 nanoparticles (LCO) with reduced 
graphene oxide (rGO) nanosheets. The rGO content was investigated at two levels - 
7.5wt% and 11.5wt% resulting in two composites designated as LCO-rGO-7.5 and 
LCO-rGO-11.5 respectively. The LCO-rGO-11.5 catalyst surpassed LCO-rGO-7.5, 




rGO-7.5 had the best cycling performance. The thesis ends with some overall 
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CHAPTER 1  INTRODUCTION 
1. 1 Background  
In an urbane setting, transportation accounts for a sizeable amount of the fossil fuel 
consumption and the accompanying problem of carbon dioxide emission. One of the 
most endorsed solutions is to replace the conventional internal combustion engines 
with electric motor propulsion systems which are more energy efficient and zero 
emission at the point of use. The acceptability of the electric vehicles (EVs), however, 
depends strongly on the mitigation of the range anxiety issue which necessities the 
availableness of large-format rechargeable batteries. Among all rechargeable batteries; 
those based on lithium electrochemistry are of the greatest potential because the light 
weight and electropositivity of metallic lithium can contribute to a very high specific 
energy (energy stored per unit mass) and energy density (energy stored per unit 
volume). However, lithium needs to be paired up with a suitable cathode (positive-
electrode) material to form the full battery. It is often the properties of the cathode 
material that determine the battery capacity and energy density.  
 
The most technologically advanced lithium-based rechargeable batteries which 
dominate the market today are the lithium-ion batteries (LIBs). The LIBs, however, do 
not use a lithium metal anode. The most common configuration consists of a LiCoO2 
cathode and a graphite anode. The actual capacity of even the state-of-the-art LIB is 
limited by the positive electrode, which can store only half as much of charge as the 
anode material on a mass basis (150 mAh/g vs 300 mAh/g). The specific energy that 




below the requirement of EVs. While there are continuing efforts to develop new 
cathode as well as anode materials with high specific capacities, there is a view that 
the highest specific energy that can be derived from the lithium-ion technology is still 
unable to meet the demands of EVs. [1] Therefore, radically different approaches are 
required for delivering the energy storage systems for EVs. [2] 
 
An order of magnitude increase in the specific energy of lithium-based rechargeable 
batteries can be obtained with the use of lithium metal as the anode, and a very light 
weight cathode material. The lithium air batteries (LABs) especially the nonaqueous 
LABs epitomize such an approach. The theoretical specific energy of LABs is 
extremely high (11,680 Wh/kg based on lithium only) and comparable to that of 
gasoline (13,000 Wh/kg). [3] Nonaqueous LABs were first demonstrated by Abraham 
and Jiang in 1996. [3] The rechargeability and cyclability of LABs were confirmed 
latter by Ogasawara and co-workers [4] in 2006. Such discoveries have attracted the 
attention of both academia and industries; resulting in the surge in LAB research in 
recent years. 
 
A nonaqueous LAB contains a lithium anode, an electrolyte with dissolved lithium salt 
in a compatible solvent, a separator, and a porous cathode. Different from other types 
of batteries, the active cathode material is oxygen from atmospheric air which is 
theoretically inexhaustible. During discharge, the lithium anode is oxidized; Li+ and 
electrons are released. Li+ travel from the anode to the cathode through the electrolyte 
while electrons move through the external circuit to the cathode. The electrons at the 
cathode reduce atmospheric oxygen to various reduced oxygen species; which react 




reversible if Li2O2 is the product whereas the formation of Li2O is irreversible. Li2O2 
and Li2O are insulators; insoluble in the electrolyte, and hence would accumulate at 
the cathode during discharge. The discharge process ends when the cathode is out of 
space for the accumulation of lithium oxides. The operation of LABs therefore 
requires an open system. The cathode must contain a porous conductive substrate with 
an appropriate pore size to allow the diffusion of electrolyte, oxygen and the 
accumulation of solid discharge products. The pore size must not be too large to result 
in poorer contact between the discharged products and the conductive walls; or too 
small to be easily clogged by the discharged products. Researches over the years have 
concluded that the optimal size of the pores should be in the range of 2-50 nm. [5] 
 
Presently LABs are still in the early stages of development. Dry pure oxygen is used in 
most research studies to reduce the interference from moisture, CO2 and N2 in 
atmospheric air. The batteries constructed as such are actually lithium oxygen batteries 
(LOBs). There are many challenges in the implementation of the LOB technology: the 
long-term stability of the lithium anode, electrolyte stability to superoxide radical 
anions ( 2 , an oxygen reduction intermediate product); Li+ selective separators; and 
improvement of the kinetics of cathode reactions. Among them the sluggish kinetics of 
oxygen reactions such as the oxygen reduction reaction (ORR) and the oxygen 
evolution reaction (OER) on the cathode is a most serious issue since it can severely 
undermine the capacity, rate performance and cycle stability of the batteries. The slow 
kinetics can only be avoided with the use of effective catalysts. The design and 
preparation of oxygen electrocatalysts has therefore become a central research activity 





Since the mechanisms of ORR and OER in nonaqueous LOBs are still not well 
understood, the screening of cathode catalysts in LOBs is based primarily on the 
substantial library of ORR/OER catalysts developed for aqueous applications. To date 
many types of catalysts have been evaluated for LOB applications including noble 
metals and their alloys, [6-11] transition metal oxides, [12-17] carbon materials [18-23] and 
some less common ones such as metal nitrides (MoN and TiN) and redox mediators. 
[24-26] The objectives of these studies were to develop catalysts with high oxygen 
electrocatalytic activities in nonaqueous media and to optimize the cathode structure to 
achieve good practical performance. 
 
In summary, catalysts are indispensable to the development of LOBs by improving the 
oxygen reaction kinetics at the cathode. A good oxygen electrocatalyst should reduce 
the overpotentials in discharge and charge reactions and increase the specific capacity, 
rate capability and cyclability of the cathode. Many of the catalysts investigated to 
date still do not meet these requirements - the discharge and charge overpotentials are 
still quite large even with the best catalyst reported today; and specific capacity is still 
distant from the theoretical maximum. Furthermore, the rate performance and cycle 
stability are too low for practical considerations. 
1. 2 Objectives and scope 
This thesis research presents our designs of oxygen electrocatalysts that could improve 
the capacity, rate capability, and cycle stability of nonaqueous LOBs. Noble metal 
alloys, noble metal clusters, simple and complex transition metal oxides (perovskite), 
and a few selective carbon nanomaterials (multiwall carbon nanotubes, nitrogenated 




were used in various combinations to form hybrid catalyst systems for evaluation in 
full LOBs. The specific tasks in this thesis study include the following: 
 
1. Noble metal nanoparticles (NPs) and their alloys have shown the good intrinsic 
activities for ORR and OER in non-aqueous solution. LOBs with Au-Pt NPs as 
the cathode catalyst could be charged at a relatively low voltage (average of ~ 3.6 
V vs. Li/Li+) and attained a round trip energy efficiency of 73%. [8] The charge 
voltage could be lowered further to 3.17 V  vs. Li/Li+ if the cathode catalyst was 
Ru NPs. [11] However, the rate and cycling performance were not satisfactory for 
the full cells. One of the reasons could be the substrate which was used to support 
the noble metal NPs. In these previous studies, the noble metal NPs were 
deposited on amorphous carbon black or carbon nanotubes which lack a regular 
porous structure to support high rate performance. These could be overcome by 
using carbon with mesopores and macropores as the substrate for noble metal NPs. 
Chapter 3 describes such an approach where nitrogen-doped hollow mesoporous 
carbon microspheres (HMCMS) were used as the substrate for AuPt NPs. The 
HMCMS contained two types of pores: a hollow core about 270 nm in size 
serving as the reservoir of dissolved oxygen and electrolyte, and a large number of 
~3.5 nm mesopores in the 55nm thick shell serving as oxygen and electrolyte 
diffusion channels. Furthermore, the HMCMS were also ORR active and the 
nitrogen doping of carbon also increased the conductivity for a more facile 
electron transfer. The AuPt/HMCMS system enabled a study of catalyst structure 





2. Since noble metals are high-cost and limited in supply, their utility can be 
improved by rendering them as noble metal nanoclusters (NCs,  2 nm) instead of 
NPs. There have been reports that NCs could enhance the ORR catalytic activities 
of noble metals in aqueous solution. [27-29] However, their catalytic activities in a 
nonaqueous environment have yet to be proven.  In chapter 4, two types of noble 
metal NCs (Au NCs and Ag NCs) were dispersed in an “active” catalyst support 
(-MnO2 nanowires (NWs)) to form hybrid catalysts (Au-MnO2 and Ag-MnO2). 
-MnO2 is the best bifunctional oxygen catalyst among manganese oxides for 
LOB applications. [30] The uniform dispersion of the ultrasmall NCs on the MnO2 
NW surface increased the ORR activity of the hybrid catalysts. At the same time 
the OER performance of MnO2 was promoted by the interfacial interaction 
between NCs and MnO2. As a result, LOBs with Au-MnO2 or Ag-MnO2 hybrid 
cathode catalyst are significantly improved versions of LOBs with -MnO2 NW 
cathode catalyst. Indeed the Au-MnO2 hybrid catalyst has also surpassed the 
performance of Au NP and AuPt NP catalysts in the literature in term of (higher) 
capacity and (better) cycling stability. This is also the first time metal NCs were 
used as LOB catalysts.  
 
3. Transition metal oxides can be strong alternatives to noble metals if they have 
acceptable oxygen activities to accompany their cost effectiveness and 
accessibility. Among the transition metal oxides that have been evaluated for LOB 
applications, cobalt oxides (Co3O4, CoO and CoOx) have shown good ORR/OER 
activity in nonaqueous LOBs. However, their performance is limited by the low 
intrinsic conductivity of cobalt oxides. In this thesis study, we have selected CoO 




carbon-coated flower-like CoO NP aggregates on multiwall carbon nanotubes 
(CNTs) to form a hybrid catalyst. The CoO-CNT hybrid catalyst contained 
essentially a dual-carbon conducting network: a thin carbon coating on the flower-
like CoO NP aggregates which improved the charge transfer process on the CoO 
surface; and the CNTs which fast-tracked the electrons between the CoO and the 
external current collector. In addition, the CNTs stacked to form a skeleton with 
large macropores to accommodate the accumulation of discharged products. The 
CoO-CNT hybrid catalyst outperformed pristine CoO NPs, CNTs and other cobalt 
oxides catalysts reported in literature under comparable testing conditions. The 
enhanced cell performance confirms the effectiveness of the modification on 
improving the charge transfer properties of the catalyst. 
 
4. Although the conductivity of binary oxide catalysts can be enhanced through 
extrinsic modifications (the CNT modification of CoO is a good example), the 
effectiveness is a function of the modification and its extent. Multi-metallic oxides, 
with their greater intrinsic conductivity, can be an alternative to binary oxides. 
Among the multi-metallic oxides, the perovskites (ABO3, where A is a rare earth 
metal and B is a transition metal) have drawn the most interest because of their 
high bulk ionic and electronic conductivities; and demonstrated high area-specific 
catalytic activities for ORR and OER in aqueous solution.  Lanthanum cobalt 
oxide (LCO), with good intrinsic electronic and ionic conductivities, is the most 
promising catalyst among the perovskites. In this part of the thesis study, LCO NP 
aggregates were formed at relatively low temperature to avoid the loss of 
catalytically active surface area. To address the “loss” of conductivity a composite 




nanosheets electronically integrated the LCO NP aggregates and also inhibited the 
agglomeration of the latter. At the same time the LCO NP aggregates spaced the 
rGO nanosheets apart, creating plenty of free volume to accommodate the solid 
discharge products. Hence, the LCO-rGO composite should be able to improve 
both charge and mass transfer processes. Two LCO-rGO composites, with varying 
rGO contents, were prepared (LCO-rGO-10.5 and LCO-rGO-7.5, where 10.5 and 
7.5 are the wt% rGO in the composites). Both composites delivered better cell 
performance than cells with pristine rGO and LCO NP aggregate catalysts. These 
results confirm that the LCO is an effective oxygen electrocatalyst even in 
nonaqueous solution; and its performance can be further enhanced by modifying 




CHAPTER 2  LITERATURE REVIEW 
This chapter reviews the current literature relevant to this thesis research in three 
sections (§ 2.1 to 2.3). The first section introduces the LOBs. The second section 
examines the major components of LOBs in some detail and their issues. The third 
section reviews the current progress in cathode catalysts for LOBs central to this thesis 
research.  
 
2. 1 The dawn of lithium oxygen batteries 
Lithium oxygen batteries were first demonstrated by Abraham and Jiang in 1996. [3] 
Their ultrahigh specific energy (both theoretical and projected practical) is the most 
luring feature for EVs and HEVs (hybrid electrical vehicles) applications (Figure 2.1). 
  
Figure 2.1 Theoretical and practical specific energies of rechargeable batteries. [31] 
 
The first lithium oxygen battery consisted of a lithium anode, a polyacrylonitrile-based 
plasticized polymer electrolyte, and a carbon cathode. [3] The specific capacity was 




configuration. The cell was able to cycle three times for a limited depth of 100 
mAh/gcarbon at reduced current densities of  0.05 mA/cm2 and 0.1 mA/cm2. The authors 
identified the discharge product as Li2O2 based on Raman Spectroscopy and proposed 
the following discharge reaction:  
 
2Li + O2  Li2O2   E = 3.10 V    [2.1] 
 
where E is the standard cell potential calculated from the standard Gibbs free energy 
of formation of Li2O2 (-145 kcal/mol). The surface area of the carbon cathode was an 
important consideration since a higher surface area led to a higher cell capacity. 
Furthermore, when cobalt phthalocyanine was added to the carbon cathode, the 
voltage gap between charge and discharge could be lowered by as much as 0.65 V. 
These are indications that the cathode reactions are surface reactions which can be 
promoted with an appropriate catalyst. Since the cell was not optimized for cathode 
material, electrolyte, and cell configuration, the cell capacity was way below the 
theoretical value. At the turn of the century, the LOB technology was revisited 
because of the need for large energy storage devices. [32-34] In 2006, Ogasawara et al. [4] 
demonstrated a more rechargeable LOB by using a mixture of Li2O2, carbon and 
MnO2 as the cathode, and 1M lithium hexafluorophosphate (LiPF6) in propylene 
carbonate (PC) as the electrolyte. The report rekindled the interest in non-aqueous 
LOBs resulting in a deluge of research and development activities in the academia and 







2. 2 The components of lithium oxygen batteries and their issues 
2.2.1 Major cell configurations of LOBs 
At the minimum a LOB contains a lithium metal anode, a separator, an electrolyte and 
a porous cathode. Unlike a battery, the cathode reactant (oxygen) is drawn from the 
atmosphere rather than stored in the cathode. LOBs can be configured into four major 
variants according to the type of electrolyte used: (a) nonaqueous (aprotic), (b) 
aqueous, (c) hybrid and (d) solid state electrolyte. The four major LOB configurations 
are shown in Figure 2.2.  
 
Figure 2.2 The four major cell configurations for LOBs. [31] 
 
(a) Nonaqueous electrolyte LOBs  
The electrolyte here is a solution of lithium salt in a compatible organic solvent 




(Figure 2.2a). A porous carbon paper or Ni foam is often used as the cathode to 
host the catalyst as well as the solid discharge product(s). The cell is an open 
system since oxygen flows in and out of the cell during discharge and charge. 
During discharge, Li+ reacts with reduced oxygen species to form insoluble 
Li2O2 (reversible to charging) or Li2O (irreversible to charging). Since these 
lithium oxides are insulating compounds, their accumulation in the cathode 
inevitably leads to the termination of discharge when all of the pores in the 
cathode are plugged by these deposits. During charging, the Li2O2 in the 
cathode decomposes to oxygen and Li+; and the latter returns to the Li anode 
through the electrolyte. Therefore, a catalyst should be used in the cathode (air 
electrode) to promote the ORR during discharge and the OER during charge. 
The main reaction in a nonaqueous LOB is therefore: [35] 
 
2Li + O2→Li2O2   E = 2.96 V vs. Li/Li+   [2.2] 
 
On the other hand, the full reduction of oxygen gives rise to Li2O, which is not 
desirable for the LOB operation since the formation of Li2O is irreversible.  
 
4Li + O2→2Li2O   E = 2.91 V vs. Li/Li+   [2.3] 
 
The standard cell potential E in Equation [2.2] from Lu et al. [35] is different 
from Equation [2.1] because the latter authors used a different published value 
of Gibb’s free energy of formation of solid Li2O2. 
 
A separator is needed for this LOB type to avoid the direct contact between Li 




and zero electron conductivity to prohibit internal short-circuiting. In addition 
the separator should also reject moisture, oxygen, CO2 and other contaminants 
from air to minimize side reactions.   
 
(b) Aqueous electrolyte LOBs 
The discharge products are highly soluble in water and hence the use of an 
aqueous electrolyte (acidic or alkaline) would eliminate most of the cathode 
clogging issues. Since Li metal is reactive towards water, the use of an aqueous 
electrolyte mandates that the Li metal be protective against direct contact with 
the electrolyte. The protective layer on the Li metal should however conduct 
Li+ but reject everything else (especially water and oxygen). Thus far the best 
known protective layer is a lithium super ionic conductor (LiSICON) ceramic 
film developed by Polyplus in 2004. [36] The high cost of the LiSICON film is 
however a deterrent in the commercial development of aqueous electrolyte 
LOBs. The main reactions in the aqueous electrolyte LOBs are:  
 
4Li + O2 + 2H2O = 4LiOH  
E = 3.45 V vs. Li/Li+  (in alkaline electrolyte)   [2.4] 
 
4Li + O2 + 4H+ = 4Li+ + 2H2O   
E = 4.27 V vs. Li/Li+  (in acidic electrolyte)    [2.5] 
 
The solubility of LiOH in alkaline aqueous electrolyte is the limiting factor in 
energy density. Zheng et al. [37] anticipated the maximum possible specific 
energies (1300 Wh/kg in basic electrolyte and 1400 Wh/kg in acidic electrolyte) 




considerably less than a nonaqueous electrolyte LOB. This is because an 
aqueous electrolyte is consumed during discharge and charge whereas a 
nonaqueous electrolyte is not. Furthermore, there are also solubility limits on 
the discharge products to constraint the specific capacities of aqueous 
electrolyte LOBs. 
 
(c) Hybrid electrolyte LOBs 
As illustrated in Figure 2.2C, a hybrid electrolyte LOB uses both nonaqueous 
and aqueous electrolytes. The nonaqueous electrolyte is used in the anode 
(lithium metal) compartment and the aqueous electrolyte is used in the cathode 
(oxygen) compartment. The two electrolytes must be separated by a Li+ 
conductive and water resistant separator. The reactions in hybrid electrolyte 
LOBs are the same as those in aqueous electrolyte LOBs. Similar to aqueous 
electrolyte LOBs, the LiSICON film is the most effective separator for now; 
and its high cost is limiting the commercialization of hybrid electrolyte LOBs. 
 
(d) Solid state electrolyte LOBs 
The electrolyte for this type of LOBs is a solid-state Li+ conducting ceramic or 
polymer membrane stable to the Li electrode (suppresses the formation of 
lithium dendrites). The cathode reactions are the same as those in nonaqueous 
electrolyte LOBs. The development of solid state electrolyte LOBs is hindered 
by the lack of solid-state electrolyte with sufficient Li+ conductivity.  
 
In summary, the aqueous and hybrid electrolyte LOBs do not have cathode clogging 




effective Li+ conductors as a separator or for the protection of the Li electrode is 
limiting their continuing development. Likewise solid state electrolyte LOBs are 
limited by the current selection of solid state electrolytes (most of them do not have 
adequate Li+ conductivity). Consequently the nonaqueous electrolyte LOBs have the 
greatest development potential by comparison.   
 
This thesis is focused on the materials for nonaqueous electrolyte LOBs. Hence the 
discussion in the following is based on nonaqueous LOBs only. 
 
2.2.2 Lithium anode 
Lithium metal is currently the anode material for all types of LOBs to supply Li+ and 
to provide a high specific energy. A lithium electrode achieves high energy density 
through its electropositivity (−3.04 V vs. the standard hydrogen electrode, or SHE), 
light mass (equivalent weight = 6.94 g/mol, specific gravity = 0.53 g/cm3); and high 
specific capacity (3842 mAh/g). 
 
In LOBs, the reaction between electrolyte and the lithium anode forms a passivating 
film on the Li metal surface which prevents further reactions. This film is generally 
known as the solid electrolyte interface (SEI). For rechargeability the SEI layer must 
have sufficient Li+ conductivity. Since the LOB is an open system, and Li metal is 
reactive towards O2, moisture, CO2 or N2 from the atmosphere, a battery separator 
must be used to selectively conduct Li+ and to reject everything else from crossing 





The reactivity of lithium metal is a safety concern which can in principle be 
ameliorated by an alternative anode material. The development in this direction is still 
relatively limited. Thus far only one paper reported the use of lithiated silicon as the 
substitute anode. [39]. The LOB formed by lithiated Si particles, Super P cathode and 
Tetraethylene glycol dimethyl ether (TEGDME)-LiCF3SO3 electrolyte could run for 
15 cycles. However, the cell specific energy with this alterative anode (980 Wh/kg 
theoretical) is much lower than a Li-metal LOB. Nevertheless, the work demonstrates 
an alternative to address the safety issues of a lithium metal anode.  
 
2.2.3 Electrolyte 
There are two major components to a nonaqueous electrolyte: the aprotic organic 
solvent (or solvents) and the lithium salt. They are discussed in the following in 
different sections. 
 
2.2.3.1 Aprotic Solvent 
Since LOBs are open systems, the requirements for the aprotic solvent(s) are more 
stringent than those in other lithium batteries. The successful operation of a LOB 
requires the following characteristics from the aprotic organic solvent(s):  
 
a) High dielectric constant to support the dissolution and dissociation of the lithium 





b) High boiling point and low volatility. Since LOBs are open systems operating at 
room temperature, a non-volatile high boiling point solvent   limits the 
evaporative loss of the electrolyte to flowing air for a long cycle life.  
 
c) Stability against the superoxide species which are the discharge products of the 
LOBs. It has been found that the superoxide species formed during discharge (O2-) 
is a very reactive oxidizer. The aprotic solvent must be stable in the presence of 
superoxide anions to sustain long term cyclability.  
 
d) Stability to the lithium metal anode (after SEI formation) to maintain a constant 
Li+ concentration throughout battery cycling. 
 
e) High oxygen solubility and diffusivity to facilitate ORR and OER. 
 
f) A wide electrochemical window to ensure stability in LOB operations.  
 
g) Low viscosity to facilitate the transport of oxygen and Li+ diffusion for high rate 
operations.  
 
Since Li2O2 formation is the only reversible reaction in LOBs, the aprotic electrolyte 









Carbonate-based solvents were extensively used in the early days of aprotic LOBs 
because they are the common solvents for LIBs. PC, or a mixture of cyclic and linear 
carbonates e.g. ethylene carbonate:dimethylcarbonate (EC:DMC), were typically used 
to dissolve LiPF6 or lithium bis(trifluoromethylsulfonyl)imide (LiTSFI) to form the 
battery electrolyte. Compared with other types of solvents, carbonate-based solvents 
have some salient advantages such as a wide electrochemical window, low volatility 
and a wide liquid range. [40] However, carbonate-based electrolytes have later been 
found to be decomposable in the LOB environment. [41-43] 
 
Figure 2.3 Proposed reactions between carbonate solvents and oxygen species to explain 
the various compounds detected in discharge: Li propyl dicarbonate, Li formate, Li acetate, 
Li2CO3, CO2, and H2O. [43]  
 
During the discharge of LOBs, the oxygen molecule is believed to be reduced first to 
superoxide radical anion ( 2 ) (Figure 2.3). [43] The superoxide radical anion is a 
highly active nucleophile in organic solvents. Its attack on the alkyl carbonate solvent 




FTIR and 1H NMR results in Figure 2.4 show various decomposition products from a 
carbonate-based solvent such as PC: lithium alkyl carbonates, C3H6(OCO2Li)2, Li2CO3, 
HCO2Li, and CH3CO2Li, but without any  indication of Li2O2 formation! (Freunberger 
et al. 2011) These species are oxidized to mostly CO2 during charging and cause a 
large overpotential.  Therefore, battery “cycling” involves actually the consumption of 
electrolyte rather than the reversible reaction of Li2O2. The LOB fails when the 
electrolyte is depleted. [43] 
 
Figure 2.4  (a) Discharge and charge capacities vs. cycle number for a composite 
electrode (Super P/α-MnO2/Kynar) cycled between 2 and 4.2 V in 1 M LiPF6 in PC under O2. 
(b) FTIR spectra at the end of charge of the pristine electrode and after the indicated numbers 
of cycles. The spectra of Li acetate, formate, and carbonate are included for comparison. (c) 
1H NMR spectrum of the D2O extract of composite electrode at the end of charge of 30 cycles. 
The integrated areas under the peaks yield a mole ratio of Li propyl dicarbonate/Li acetate/Li 
formate of 1:3:1.1 (corresponding to a mass ratio of 1:1.09:0.32). [43] 
 
Similar observations were also reported in other studies. [42, 44-46] McCloskey et al. [44] 




labeling (18O) and differential electrochemical mass spectrometry (DEMS). They 
concluded that the dominant reaction during discharge is solvent decomposition. As a 
result, Li2CO3, Li alkyl carbonates, and a small amount of Li2O2 were detected in the 
cathode after discharge, and CO2 was the dominant species evolved at high potentials 
(4.5-4.6 V) during charging. [44] These findings indicate that carbonate-based solvents 
are not suitable for rechargeable LOBs. 
 
Ethers 
After the discovery of the decomposition of carbonate-based solvents during the 
discharge and charge of LOBs, there is strong interest in ether-based solvents because 
of their stability against superoxide radical anions; and other desirable properties (low 
vapor pressure, good conductivity and low cost). [44, 47-60] For example, the vapor 
pressure for TEGDME at room temperature is only ~10-5 bar.  
 
Read [34] first investigated the performance of ether-based solvents (1,3-dioxolane 
(DOL) 1,2-dimethoxyethane (DME)) in LOBs. The ether-based electrolytes exhibited 
good stability and rate performance. Read, however, did not identify the discharge 
products. Recently, Freunberger et al. [61] investigated LOBs with dissolved 1M LiPF6 
in linear (TEGDME) and cyclic ethers (DOL and 2-methyltetrahydrofuran (2-Me-
THF)) experimentally. The formation of Li2O2 was detected and verified in the first 
cycle. However, all ether-based electrolytes also underwent decomposition in cycling. 





Jung et al. [62] was the first to examine the LiCF3SO3-TEGDME system as a LOB 
electrolyte. Very good cycling performance was shown even at a high current density 
(100 cycles at 1A/gcarbon with a charge cut-off voltage of 4.4 V vs. Li/Li+) (Figure 
2.56b-c). They attributed the good performance to the nucleophile-stable solvent 
(TEGDME) and lithium salt (LiCF3SO3). The electrochemical stability window of the 
electrolyte was also examined by cyclic voltammetry and it was confirmed that the 
TEGDME-LiCF3SO3 electrolyte is stable below 4.78 V vs. Li/Li+.  
 
 
Figure 2.5 Current–voltage curve of a lithium-oxygen battery using LiCF3SO3-TEGDME 
electrolyte and a plain carbon electrode. a) Results with no oxygen flowing. The onset of 
current identifies the decomposition limit of the electrolyte. Typical discharge-charge voltage 
profiles of a lithium/LiCF3SO3-TEGDME/O2 battery at different rates. b) Results at  50 mA/g 





Due to its impressive performance, the LiCF3SO3-TEGDME electrolyte has now 
become “the electrolyte” to use for the evaluation of cathode catalyst performance. 
This is despite the fact that its long term stability has yet to be confirmed.  
 
2.2.3.2 Other solvents 
Aside from carbonate-based solvents and ethers, other organic solvents such as esters, 
acetonitrile, amides, dimethyl sulfoxide (DMSO), sulfones and ionic liquids have also 
been examined for LOB applications either computationally or experimentally. [47-49, 
54-55, 63-65] Esters, acetonitrile, amides, DMSO and sulfones are relatively stable against 
the superoxide radical anions but their poor anodic stability may cause their oxidation 
during charging. Since most sulfones are solids at room temperature; they are 
inconvenient to use as electrolyte solvents. Ionic liquids have a suite of physical 
properties good for a solvent: negligible vapor pressure, low flammability, high ionic 
conductivity, superior hydrophobicity and a wide electrochemical window. They, 
however, are relatively expensive and have low lithium salt solubility and Li+ 
conductivity at room temperature. [66] They are at this time not a mature solvent 
system for nonaqueous LOB electrolyte.  
 
Mixed solvents may provide new opportunities but they have not been extensively 
investigated. [58] 
 
Although the TEGDME-LiCF3SO3 system shows an acceptable performance, it is too 
early to conclude its usability in practical situations. In actual applications the 




moisture, CO2 and other contaminants. Thus far this aprotic electrolyte has not been 
extensively tested in the more complex real application environment. 
 
2.2.4 Lithium salts 
Lithium salts are dissolved in the aprotic solvents to conduct Li+ in the discharge and 
charge processes of LOBs. Electrolyte decomposition may also come from the 
instability of lithium salts in discharge and charge reactions. Lithium salts can affect 
cell capacity, cycling performance and long term stability although the details have yet 
to be examined extensively. Lithium salts for the LOBs should meet the following 
requirements: a) high solubility in organic solvents for high Li+ conductivity in the 
electrolyte; b) the anion of the lithium salt should be inert to the solvent and other cell 
components; c) the salt should be stable against all oxygen species including the 
intermediate and final discharge products.   
 
Nasybulin and coworkers [67] carried out a systematic investigation of the stability of 
seven lithium salts (LiCF3SO3, LiTFSI, LiPF6, LiClO4, lithium bis(oxalato)-borate 
(LiBOB), LiBF4, and LiBr) in TEGDME. They found the discharge capacity to 
depend strongly on the lithium salt used. They reported the following sequence in 
decreasing capacity of the LOB: LiTFSI > LiCF3SO3 ≈ LiPF6 > LiClO4 > LiBF4, LiBr, 
LiBOB. The discharge products were mixtures of Li2O2 and the decomposition 
products of salt anions, solvent (TEGDME) and binder. The LiCF3SO3-TEGDME 
electrolyte was the best of the seven electrolytes; however, there was still indication of 




there is a still a need to search for new and more robust solvents and lithium salts in 
order to sustain the long-term cyclability of LOBs.  
 
The above studies indicate that the selection of lithium salt and solvent(s) is critical to 
good and stable performance of LOBs. Although some combinations of salt and 
solvent(s) have been identified as relatively stable during discharge/charge under the 
laboratory test conditions (in pure O2), many of the electrolytes were found to be 
sensitive to trace amounts of moisture and CO2. [68] Hence, there is still some way to 
go to find the right electrolyte for practical LABs.  
 
2.2.5 Oxygen cathode 
The discharge products Li2O2 and Li2O are electrically insulating compounds with 
limited solubility in most aprotic solvents. They constraint charge transfer and their 
accumulation gives rise to a large polarization during charging. Catalysts are therefore 
needed to lower the polarization in OER and enhance the kinetics of the latter so that 
high round-trip efficiency and long cycle life can be achieved.  
 
In general, the catalyst is mixed with conductive carbon additive and binder to form a 
homogeneous ink, which is then applied to a conductive porous substrate (gas 
diffusion layer, GDL) to form the cathode. Ketjen black (KB, surface area: ~1200 
m2/g), Super P carbon (surface area: 62 m2/g), Black Pearl (surface area: ~1480 m2/g) 
and Vulcan XC-72 (Surface area: 250 m2/g) are the commonly used conductive carbon 




2. 3 Cathode catalysts  
There is one issue to clarify before the discussion and review of cathode catalysts. The 
calculation of specific capacity tends to vary from paper to paper. Many of the papers 
calculate specific capacity based on the amount of carbon in the cathode, a practice 
originated from the work of Abraham et al., [3] where the cathode was pure carbon. 
Thereafter catalysts were used and the ink composition (carbon:catalyst:binder ratio) 
varied in different studies. The values of specific capacity based on carbon and based 
on (carbon+catalyst) can be significantly different. The other common method to 
calculate specific capacity is to normalize the measurements by the electrode area. 
This could lead to incomparability of results since the catalyst loading may vary 
substantially among the studies (~0.1 mg to 10 mg). The lack of a common standard 
for the measurements makes the comparison between different studies very difficult. 
In our opinion, a reasonable basis for calculating specific capacity is to use the 
combined weight of (catalyst+carbon). In the following sections, all specific capacities 
have been converted from the reported values to this basis whenever possible. For 
studies with unspecified cathode compositions, the original specific capacity will be 
cited with a remark. 
 
There is a large volume of studies on the synthesis and characterization of catalysts for 
LOB applications. For a more organized discussion in the following, the catalysts are 
divided into four major groups: carbon materials, noble metals, transition metal oxides 
and some less common choice such as redox mediators. Catalysts which were used in 
carbonated-based electrolytes will not be reviewed in detail due to the instability 




2.3.1 Carbon based materials 
Carbon based materials are endowed with some highly useful features such as high 
surface area, good electrical conductivity and ease of synthesis into various open 
architectures. Many forms of carbon materials with controlled morphology, 
composition and structure such as carbon nanofibers (CNFs), carbon nanotubes 
(CNTs), graphene and some others have been evaluated as oxygen catalysts for LOBs.  
 
Carbon has proven to be effective for ORR catalysis in nonaqueous LOBs. The 
common strategy to design carbon-based catalysts is to have a structure with sufficient 
storage volume for the deposition of Li2O2. From this point of view, CNTs or CNFs 
have drawn the largest number of investigations. There is plenty of void space created 
between the CNTs/CNFs even when the latter are randomly aligned. Both randomly 
aligned [18, 70-72] and well-aligned [19, 73-75] CNT/CNF catalysts have been investigated.  
 
Chen et al. [18] fabricated a multiwall carbon nanotube paper (MWCNTP) oxygen 
catalyst without any binder or additive. A very high specific discharge capacity of 
34,600 mAh/g with discharge/charge voltages of 2.6/4.4 V was obtained at a current 
density of 500 mA/g in lithium bis(trifluoromethylsulfonyl)amide (LiTFSA)-triglyme 
electrolyte. There was no capacity loss for 50 cycles when the cell was cycled at 250 
mA/g to a DOD of 1000 mAh/g (Figure 2.6). Li2O2 was confirmed to be the only 
discharge product in the cathode even at the end of 50th discharge cycle. However, 
impedance measurements suggested an increase in the charge transfer of the electrode 




decomposition or some reactions between carbon and Li2O2. Overall, this is the 
highest specific capacity ever reported for a LOB. It is a pity that the catalyst loading 
was not stated in the paper and the authors also did not discuss the origin of the high 
specific capacity.  
 
Figure 2.6 (a) First cycle of discharge and charge of the Li–O2 battery with a MWCNTP 
cathode at 500 mAh/g between 2.3 and 4.6 V and (b) 50 cycles of discharge and charge at 250 




Figure 2.7 (a) SEM image of the AAO filter after nanofiber growth. Inset: schematic 
representation of the electrode after the catalyzed growth of carbon nanofibers. (b) Rate 
capability of CNF electrodes in the first discharge cycle with the lower voltage cut-off set at 
2.0 V vs. Li. (c)-(e) Evolution of Li2Ox discharge product morphology. Insets show the 
corresponding discharge voltage profiles. (c) Discharge to a capacity of 350 mAh/g at 68 
mA/g. (d) Discharge to a capacity of 1880 mA h/g at 64 mA/g. (e) Discharge to a capacity of 




Other than randomly aligned CNTs/CNFs, ordered arrangements of CNTs/CNFs have 
also been used as oxygen catalysts. The Yang group [73] reported the use of hollow 
CNF with 30 nm in diameter grown on a Ta and Fe coated porous aluminum oxide 
(AAO) membrane as the oxygen catalyst. The CNFs were vertically aligned by the 
confinement effect of the AAO membrane (Figure 2.7a). A cell with this CNF-AAO 
catalyst delivered 4620 mAh/gcarbon of discharge capacity at 43 mA/gcarbon in LiClO4-
DME electrolyte (Figure 2.7b). The capacity could be fully recovered with an average 
charge voltage of 4.1 V. The morphology evolution of Li2O2 was followed 
experimentally. It was found that Li2O2 was spheroidal at a DOD of 5%, toroidal at 
DOD of 25% and monolithic in the fully discharged state (Figure 2.7c-e). The authors 
attributed the high specific energy to the high electronic conductivity of CNFs, low 
density of carbon packing, efficient utilization of all available carbon and plenty of 
space between the CNFs for Li2O2 deposition. 
 
Figure 2.8 SEM images of the CNT fibril at a) low magnification (inset: large area image 
of the air electrode), and b) at high magnification.[75]  
 
Lim et al. [75] fabricated well-aligned hierarchical CNT fibrils and reported good LOB 
performance in a LiPF6-TEGDME electrolyte. In this work, the cathode was a mesh 
woven from orthogonally aligned bundles of ordered multiwall nanotubes without any 




density of 2000 mA/g and the cell could be cycled for 20 times without capacity 
fading (Figure 2.9). The rate performance of the CNT fibril cathode was very good at 
these high current densities. The Li2O2 discharge product was found to deposit 
uniformly on the surface of each CNT; suggesting the easy access of oxygen to 
individual CNTs of the CNT fibril electrode. However, the polarization during charge 
was quite large; and discharge capacity could only be fully recovered if the charge 
limit was raised to 4.7 V where electrolyte decomposition started to occur.  
 
Figure 2.9 (a) Discharge/charge profiles of the Li − O2 cells using an air electrode based 
on a woven net of CNTs for 20 cycles between 2.0–4.7 V at a current rate of 2000 mA/g. 
(inset: plot of voltage vs. time for the first 10 cycles); (b) the cyclability of the air electrode. 
[75]  
 
Aside from the 1-D carbon nanomaterials (CNTs or CNFs), graphene, a 2-D 
nanocarbon with a suite of physicochemical properties attractive to batteries and 
electronic devices, [21, 76-78] has also been evaluated for oxygen electrocatalysis. The 
use of  graphene nanosheets (GNSs) as the cathode catalyst for LOBs was first 
reported by Li et al. [21] in a carbonate-based electrolyte. Meanwhile, Xiao et al. [76] 
modified the morphology, defects and functional groups of graphene by synthesizing 
hierarchically structured porous graphene followed by thermal treatment. The specific 




0.1 mA/cm2, corresponding to 39,714 Wh/kgcarbon or 68,670 Wh/kgLi in a LiTFSI-
triglyme electrolyte. The good performance was attributed to two principal factors. 
The first was the unique bimodal pore structure consisting of microporous channels for 
rapid O2 diffusion and highly connected nanoscale pores for a high density of active 
sites for Li2O2 decomposition. The other was the function groups and defects on the 
graphene surface which promoted the formation of isolated nanosized Li2O2 particles; 
and minimized the blocking of air passages caused by Li2O2 aggregation. As a result 
there could be better access to the catalyst during charging. It is a pity that the charge 
performance was not studied in this work and the LOB was primarily run as a primary 
battery.  
 
Figure 2.10 (a) SEM image of the FHPC electrode; (b) discharge-charge curves of a Li-O2 
battery with the FHPC cathode at a current density of 0.2 mA/cm2; (c) discharge curves at 
different current densities from 0.2 mA/cm2 to 2 mA/cm2 and (d) cyclability at DOD of 2000 





Three-dimensional porous carbons have also been investigated. [79-81] Free-standing 
and hierarchically porous carbon (FHPC) derived from a graphene oxide gel in nickel 
foam was used as the oxygen electrode in LOBs with LiTFSI-DME electrolyte. [79] For 
this catalyst, the nickel foam provided macropore access while the FHPC provided 
micropore and mesopore accesses. The FHPC/Ni foam catalyst delivered a maximum 
capacity of 11,060 mAh/gcarbon at 280 mA/gcarbon and showed good rate performance – 
the capacity was 2020 mAh/gcarbon when the current density was increased tenfold to 
2.8 A/gcarbon (Figure 2.10). [79]  
 
Figure 2.11 (a) Schematic illustration of O2 /Li2O2 conversion in an ordered hierarchical 






The morphology and pore structure of carbon materials could also be modified. Guo et 
al. [82] reported a catalyst based on ordered hierarchical mesoporous/macroporous 
carbon sphere arrays (MMCSAs) (Figure 2.11). The MMCSAs were mixed with Super 
P carbon in different weight ratios. The cathode with 30 wt% MMCSAs had the best 
balance between capacity (6000 mAh/g) and cycle stability (30 cycles) (Figure 2.12 a 
and c) in LiTFSI-TEGDME electrolyte. It also exhibited good rate performance at a 
DOD of 1000 mAh/g; and discharge and charge voltages of 2.5V and 4.9 V at 1000 
mA/g respectively (Figure 2.12b). The good rate performance was credited to the 
hierarchical porous structure. The performance of this cathode was however not as 
good as the CNT fibril cathode of Lim et al. [75] 
 
Figure 2.12 (a) Discharge curves of Li–O2 batteries at a current density of 50 mA/g with 
different wt% of MMCSAs in the cathode catalyst makeup: a) 0, b) 5, c) 10, d) 30, e) 50, and 
f) 80 wt%.; (b) cycling performance of Li–O2 batteries at 250 mA/g for a DOD of 1000 mA/g 
using a cathode catalyst of 30 wt% MMCSAs and (c) discharge/charge curves of a Li–O2 




Other types of carbon materials have also been explored like diamond-like carbon thin 
films, [83] activated carbon, [84] Super P carbon, [85-86] ordered mesoporous carbon [87] 
and honeycomb-like carbon. [88-89] All of these carbon materials showed acceptable 
ORR performance in LOBs. Their OER performance was often poorer or not even 
evaluated in some of these studies.  
 
Other than manipulating the morphology and structure of carbon materials, the 
electrical conductivity of carbon had also been modified; most notably by nitrogen 
doping; e.g. nitrogen doped mesoporous carbon [23] and nitrogen doped CNTs. [22, 90] 
Studies have found that nitrogen doped carbons could achieve 1.5-1.7 times of the 
discharge capacity of un-doped carbons. [22-23, 90] These findings underlined the 
importance of the electrical conductivity of carbon materials on the capacity of LOBs. 
 
As discussed in the electrolyte section (§2.2.3), many electrolytes are unstable during 
charging and discharging. The stability of the carbon catalyst and the carbon additive 
within the operating conditions should likewise be examined. The stability of 
amorphous carbon and its effect on electrolyte decomposition in nonaqueous LOBs 
were examined by Ottakam et al. [91] using 13C labelled amorphous carbon catalyst. 
The authors detected the presence of Li212CO3 in the discharge process which they 
have attributed to electrolyte decomposition. Both Li212CO3 and Li213CO3 (the latter 
only at voltages above 3.5 V) were present in the charge process. Hence both 
electrolyte decomposition and carbon catalyst corrosion occurred during charge. The 




should be mentioned that these results were based on amorphous carbon; there was no 
similar study on the stability of highly crystalline carbons such as CNTs and graphene.  
 
In summary, carbon materials have shown good ORR activity and not-as-good OER 
activity in LOBs. The pore structure and the type and concentration of defects have an 
overriding influence on capacity, rate capability and cycle stability of the LOBs. Cell 
performance could be improved by enhancing electrical conductivity and optimizing 
the pore structure of the carbon-based cathode catalyst. However, there are several 
challenges to be overcome especially in charging: such as carbon corrosion, instability 
in the presence of Li2O2, and large polarization. Although a few studies have shown 
that LOBs with a carbon-only cathode could recover the discharge capacity fully upon 
recharge, there are more studies which indicate otherwise (that carbon-only cathodes 
are not effective for OER). Therefore hybrid catalysts where carbon is compounded 
with a more effective OER catalyst are more promising for a greater LOB 
performance.  
 
2.3.2 Noble metals 
Noble metal nanoparticles or noble metal oxides are known for their high intrinsic 
catalytic activities in many reactions. For example, Pt is the best catalyst for ORR; and 
RuO2 or IrO2 are the best catalyst for OER in aqueous solution. Therefore, noble 
metals and selected noble metal oxides have also been examined as oxygen 
electrocatalysts for nonaqueous LOBs. The list is long including different types of 
noble metal nanoparticle such as single-component Pd, [7, 10, 92-94] Au, [94-95] Ru or 





Figure 2.13 Schematic illustration of the nanostructured cathode catalyst. This Figure 
shows that the Al2O3 coating, the Pd nanoparticles and the nanosize crystalline lithium 
peroxide, all of which contributed to the lowering the overpotential. The inset shows a 
hypothetical charge/discharge voltage profile versus capacity. [10]  
 
Lei et al. [10] deposited 2.6, 5.5 and 8 nm Pd NPs on porous carbon by atomic layer 
deposition (ALD) to form Pd-C catalysts. Among them the 5.5 nm Pd-C catalyst 
showed the highest specific capacity. On the other hand, the 8 nm Pd-C catalyst 
showed the lowest charge voltage plateau (3.4 V) although its specific capacity was 
lowered probably by the loss of active sites due to the larger Pd NP size. The authors 
attributed the low charge voltage to the inhibition of electrolyte decomposition by Pd 
NP blocking of carbon defect sites. The authors carried out density functional 
calculations to prove the reactivity of the carbon defect sites. The authors then 
developed a new strategy in a later study to prevent electrolyte decomposition by 
depositing a protective Al2O3 layer (inactive to electrolyte decomposition according to 
density functional calculations) on porous carbon to cover the carbon defect sites and 
to expose only the Pd NPs (5.5 nm) (Figure 2.13). [7] Consequently a cell with this new 
cathode catalyst design could reduce the charge potential to 3.2 V (Figure 2.14). The 




should consist of the optimization of active particle size and a protective coating to 
suppress undesirable reactions. 
  
Figure 2.14 (a) Discharge-charge voltage profiles (DOD of 1,000 mAh/g) of cells with 
Super P carbon; Super P carbon coated with Al2O3; and Al2O3-coated Super P carbon with 5.5 
nm of Pd NPs; (b) discharge-charge voltage profiles (to 5,00 mAh/g) of the cell with Al2O3-
coated Super P carbon with Pd NPs. The electrolyte was TEGDME-LiCF3SO3 in these 
measurements. [7] 
 
Other than Pd and Au NPs, Ru and RuO2 NPs have also been investigated because of 
their good OER performance in aqueous solution. [6, 96-98] Ru NPs supported on carbon 
black [96] could reduce the discharge-charge voltage gap most remarkably to 0.37 V at 
134 mA/g; delivered a capacity of 6770 mAh/g, and ran for 150 cycles at a DOD of 
670 mAh/g. All of these were attributable to the good OER performance of Ru NPs. In 
a different study, Li et al. [97] deposited Ru NPs on a highly porous MWCNTP support 
and reported a high specific capacity of ~ 27500 mAh/g at 500 mA/g with a voltage 
gap of 1.04 V. The cell could be cycled 20 times at 500 mA/g for a DOD of 5000 
mAh/g. The authors attributed the performance to the porous structure of MWCNTP 
and the good OER/ORR activities of the Ru NPs.  
 
Binary noble metals have also been investigated. AuPt NPs supported on Vulcan XC-




energy efficiency of 73%. [8] PtxCoy NPs on Vulcan XC-72 carbon were also evaluated 
as a LOB cathode catalyst. The highest capacity was 3040 mAh/g for a PtCo2 NP 
catalyst. [99] However, these studies were conducted in carbonate-based electrolytes 
where electrolyte decomposition could have obfuscated the results.  
 
In brief, noble metals and noble metal alloys are highly competent catalysts for 
nonaqueous LOBs. They are very effective in lowering the charge-discharge voltage 
gap. The smallest voltage gap reported to date was 0.37 V with the use of Ru NPs. 
However, the use of noble metals may not increase the specific capacity if they are 
loaded on a common carbon support such as Vulcan XC-72 or Super P carbon. High 
capacity may only be obtainable if they are loaded on a highly ordered porous carbon 
such as MWCNTP. Thus far the cycling performance of cells with noble metals or 
their alloys reported in the literature is not very satisfactory. This could be due to 
relatively fewer studies on noble metal catalysts relative to carbon-based catalysts; 
where the cell configuration or the catalyst has yet to be optimized.  
 
2.3.3 Transition metal oxides 
Transition metal oxides are being promoted as alternatives to the noble metal catalysts 
because of their low-cost and fair OER/ORR activities. Many types of transition metal 
oxides including simple oxides (e.g. MnO2 and Co3O4) and more complex multi-
metallic oxides (e.g. spinels and perovskites) have been considered for LOB 
applications.  
Ogasawara et al. [4] were the first to use MnO2 as a model catalyst for rechargeable 




revealed that α-MnO2 nanowires (NWs) had the best performance. The 2×2 tunnel 
structure formed by edge- and corner-sharing MnO6 octahedra of the NWs was 
considered to facilitate the transport of Li+ and O22-. [30] These encouraging initial 
results prompted very comprehensive follow-up studies on the effects of phases, 
composition and morphology on the catalytic performance of MnO2 in nonaqueous 
LOBs. [100-107] Two strategies were used in these studies to enhance the battery 
performance: compositing MnO2 with a highly conductive support or with a 
catalytically active material. Qin et al. [105] loaded α-MnO2 nanorods on porous carbon 
support and reported higher capacity (1400 mAh/g at 100 mA/g) than the α-MnO2 
catalyst of Debart et al. (730 mAh/gcathode at 17 mA/gcathode). [30, 105] A α-
MnO2/CNT/CNF composite was also explored [102] but not much enhancement was 
observed. Cao et al. [103] dispersed the α-MnO2 nanorods in graphene sheets and the 
resulting hybrid catalyst was able to deliver 2400 mAh/g at 40 mA/g. There were also 
a few studies on the composites of MnO2 and Pd NPs. [100-101, 107-108] However, these 
MnO2-Pd composite catalysts did not show much improvements of the cell capacity 
and cycling performance. A summary of the cell performance of selected MnO2 
catalysts is given in Table 2.1. 
 
In summary, MnOx-based catalysts on their own do not generally have high specific 
capacity, low charge overpotential, and good cycle stability. Modifications which 
improve their electrical conductivity (through compositing with a conductive support) 
have been found to increase the cell capacity and extend the cycle life to some 
degrees. On the other hand, modifications which deposit more ORR/OER active NPs 




Table 2.1. Comparison of the electrochemical performance of the MnO2-based electrodes in LOBs 
 
Catalyst Electrolyte Gravimetric ratio of carbon:catalyst:binder
Best capacity (mAh/g) 
at discharge/charge Rate capability Cycle stability Ref 
MnO2 NWs LiPF6 in PC 95:2.5:25 (molar ratio) 
730 mAh/gcathode at 17 
mA/g  N.A. 
9 cycles at DOD of 540 
mAh/g 
[30] 
Pd NPs on  mesoporous 
β-MnO2  
LiTFSI in 
EC:DEC (3:7) 90:10 (catalyst:binder) 
817 mAh/gcathode at 
0.025 mA/cm2;  
 
578 mAh/g at 0.12 
mA/cm2; 93 mAh/g 
at 5.1 mA/cm2 
13 cycles at 0.12 mA/cm2, 
capacity dropped from 578 
mAh/g to 417 mAh/g; 
 
[100] 
Pd NPs on Mesoporous 
α-MnO2 
LiTFSI in 
EC:DEC (3:7) 90:10 (catalyst:binder) 
545 at 0.025 mA/cm2;  
 
175 mAh/g at 2.55 
mA/cm2 
15 cycles at 0.25 mA/cm2, 
capacity dropped from 334 
to 261 mAh/g;  
[102] 
α-MnO2 NWs,  α-MnO2 nanotubes; δ-MnO2 nanosheets 
LiPF6 in PC 50:13:37 NA NA 
α-MnO2 nanotubes, 30 
cycles; δ-MnO2 nanosheets 
9 cycles; α-MnO2 NWs 6 
cycles 
[104] 
γ-MnOOH NWs LiTFSI in DEC  70:20:10 2693 at 0.05 mA/cm2 N.A. 20 cycles at 0.05 mA/cm
2 





LiPF6 in EC and 
DMC 9:1 
2400 at 40 mA/g 
 NA 
25 cycles at 60 mA/g with 
DOD of 600 mAh/g 
[103] 
α-MnO2/porous carbon LiCF3SO3 in TEGDME 50:50 1400 at 100 mA/g NA 
50 cycles at 100 mA/g at 
DOD of 500 mAh/g 
[105] 
urchin shaped α-MnO2 
and flower like δ-MnO2 
LiTFSI in 
TEGDME N.A 
α-MnO2 : 6125.5  δ-MnO2: 3674 
at 0.1 mA/cm2  
NA 
35 cycles for α-MnO2 and 
20 cycles for δ-MnO2 at 
DOD of 800 mAh/g 
[106] 
α-MnO2/Pd core-shell LiClO4 In PC:DEC(1:1) 75:15:10 1200 at 0.1 mA/cm
2 
1100 at 0.5 mA/cm2 
and 450 at 1.0 
mA/cm2 






There is also strong interest in cobalt oxides (Co3O4, CoO and CoOx etc.) because of 
their good OER activities in aqueous systems. Débart et al. [110] showed that Co3O4 has 
the best balance between discharge capacity and cycle stability, as well as the lowest 
charge plateau at 4.0 V among a series of metal oxide catalysts. This was followed by 
a number of studies where variously modified cobalt oxides were used. [9, 11, 111-118] 
Some of these studies focused on the structural and morphological modifications of 
cobalt oxides; and some others on electrical conductivity modifications. Hence cobalt 
oxides in different morphologies and pore structures, including Co3O4 nanoneedles, 
nanosheets, nanoflowers, porous flakes and mesoporous Co3O4, have been examined. 
They all displayed better performance than a reference carbon electrode. [112, 114-115, 117-
118] Since the low electrical conductivity of Co3O4 could be limiting the cell 
performance, cobalt oxides were also composited with a highly conductive material 
such as rGO, carbon spheres, carbon thin film and mesoporous carbon to enhance their 
electrical conductivity. [9, 111, 113, 116-117] The performance of these composites was less 
than satisfactory (lower capacity and higher voltage gap). Electrolyte decomposition 
on Co3O4-rGO was considered as one of the reasons. Black et al. [111] pointed out that 
the Co3O4-rGO composite catalyst could enhance the kinetics and mass transfer in 
ORR and OER but the promotional effect was eclipsed by electrolyte decomposition; 
according to the time-of-flight secondary-ion mass spectrometry (ToFSIMS) analysis 
(Figure 2.15). The ToFSIMS spectrum taken at point C1 showed the presence of 
organic lithium carbonates on the surface of lithium peroxide nanocrystallites which 
could be due to the reaction of peroxide and/or nascent released oxygen (*O2) with the 







Figure 2.15 (A) SEM micrographs of a Co3O4/rGO/KB Li-O2 electrode taken at the points 
indicated on the discharge–charge profile (central inset). (B) The ToFSIMS intensity 
(normalized to Li+) of characteristic carbonate positive ion fragments (Li3CO3+ at m/z=81) on 
the electrode surface corresponding to the different points on the discharge and charge curve 
in A. [111] 
 
Composite transition metal oxides such as V2O5-Al2O3, NiO-MWCNT and Fe2O3-rGO 
have also been evaluated. [119-121] Cells with V2O5-Al2O3 and NiO-MWCNT composite 
catalysts exhibited large charge overpotentials ( 4.0 V); and the instability of 
carbonate-based electrolytes was of suspect. The cell with the Fe2O3-rGO composite 
catalyst could achieve a high capacity of ~5500 mAh/g at ~70 mA/g and cycled 30 
times at a DOD of ~ 700 mAh/g. The polarization during charge, however, remained 
substantially high ( 4.0 V at DOD of ~700 mAh/g). [119] These results suggest that 





Table 2.2. Comparison of the electrochemical performance of cobalt oxide-based electrodes in LOBs. 
 
Catalyst Electrolyte Gravimetric ratio of carbon:catalyst:binder) 
Best capacity (mAh/g) 
Discharge/charge Rate capability Cycle stability Ref 
Co3O4 nanoneedles, 
nanosheets and 
nanoflowers  on Ni foam 
LiTFSI in 
TEGDME 
No binder, the Co3O4 
was directly grown on 
the Ni foam 





50 cycles at 100 mA/g 
and DOD of 500 mAh/g 
(nanoneedles) 
[112] 




No binder, the Co3O4 
was directly grown on 
the Ni foam 
2460/2460 at 200 mA/g 
3400 mAh/g at 100 mA/g; 
2500 mAh/g at 200 mA/g 
416 mAh/g  at 500 mA/g 
35 cycles at 200 mA/g 
and DOD of 1000 mAh/g 
[11] 




No binder, the Co3O4 
was directly grown on 
the carbon paper 
2159/2265 at 100 mA/g 
2250 mAh/g at 100 mA/g 
~900 mAh/g at 200 mA/g 
542 mAh/g at 500 mA/g 
49 cycles at 100 mA/g 
and DOD of 500 mAh/g 
 
[115] 
Mesoporous Co3O4 LiTFSI in DME 25:42:23 840 mAh/g at 10 mA/g N. A. 
6 cycles full charge-
discharge 
[118] 
Co3O4 NPs on carbon 
sphere 




7000/4000  at 100 mA/g; 
3400/3026 at 200 mA/g. 
7000 mAh/g at 100 mA/g 
3400 mAh/g at 200 mA/g 
~2200 mAh/g at 400 mA/g 
20 cycles at 200 mA/g 
and DOD of 1000 mAh/g 
[116] 






 1400/1193 at 0.2 mA/cm
2 N.A. N.A. [113] 







12000 mAh/gcarbon for 
KB, 14000 mAh/gcarbon 
for Co3O4-rGO/KB at 
140 mA/gcarbon
N.A. 
7 cycles with DOD of 
6000 mAh/g; 
14 cycles with DOD of 
2000 mAh/g. 
[111] 
CoO NPs on 
mesoporous carbon 
CMK-3 
LiClO4 in PC Catalyst:PTFE=90:10 1021 at 0.2 mA/cm2 N.A. 15 cycles at 0.2 mA/cm2 [117] 
CoOx thin film on 
carbon double layer thin 
film 
LiPF6 in  
1. 
PC:DME=1:1 
2: DME only 
N.A. 
2500 in DME electrolyte; 
824 in PC:DME=1:1 
electrolyte;  
N.A 
35 at 100 mA/g and DOD 
of 2500 mAh/g. Only 
discharge capacity vs. 





Apart from simple binary transition metal oxides, complex transition metal oxides 
such as perovskites (ABO3, where A is a rare earth and B a transition metal), spinels 
(AB2O4) and pyrochlores (A2B2O7) have also been examined as LOB cathode catalysts. 
[12, 15-17, 122-133]  
 
Perovskites are excellent OER and ORR catalysts in aqueous solution owing to a 
combination of properties: high electronic and ionic conductivities and high area-
specific catalytic activities due to a defect-rich structure and excellent oxygen mobility. 
[134] Perovskites have been investigated in the early days of LOB research in 
carbonate-based electrolytes. [110, 123-124] In recent studies a more stable electrolyte 
(TEGDME) was used [122-123, 125, 129] but the studies mainly focused on exploring 
perovskites with different compositions and pore structures. The cell performance 
varied substantially with the types of perovskites. Highly porous perovskites generally 
deliver a better performance (higher capacity and longer cycle life) than nonporous 
perovskites. The best perovskite catalyst to date is a 3D ordered mesoporous LaFeO3 
catalyst. [122] The authors attributed the good performance of this catalyst to the 
intrinsic activity of LaFeO3 and the ordered mesopores structure. Table 2.3 is a survey 




Table 2.3. Comparison of the electrochemical performance of perovskite-based electrodes in LOBs. 
 
Catalyst Electrolyte Gravimetric ratio of carbon:catalyst:binder Best capacity (mAh/g) Rate capability Cycle stability Ref 
La1.7Ca0.3Ni0.75Cu0.25
O4 layered structure 
LiTFSI in 
TEGDME 62.5:18.75:18.75 1230 at 30 mA/g N. A. 
16 cycles at 60 mA/g, 
capacity dropped from 







9400 at 42 mA/g 
(only showed 
discharge ) 
N. A. N. A. [124] 
LaMn0.6Fe0.4O3 NPs LiPF6 in PC 40:30:30 
200 mA/g at 0.5 mA/g 
(only showed 
discharge) 





TEGDME 60:30:10 7333 at 18 mA/g 
7333 at 18 mA/g; 2588 at 
216 mA/g 
124 cycles at 100 mA/g 





TEGDME 60:30:10 7954 at 18 mA/g 
7954 at 18 mA/g; 2680 at 
216 mA/g 
124 cycles at 100 mA/g 





TEGDME 50:40:10 6620 at 0.15 mA/cm
2 7720 at 0.1 mA/cm2; 
2000 at 2 mA/cm2 











Table 2.4. Comparison of the electrochemical performance of spinel-based electrodes in LOBs. 
 
Catalyst Electrolyte Gravimetric ratio of carbon:catalyst:binder
Best capacity 




TEGDME 60:30:10 3240 at 133 mA/g 
3240 mAh/g at 133 
mA/g; 
1733 mAh/g at 333 
mA/g 
50 cycles at 167 mA/g at 
DOD of 670 mAh/g 
[130] 
MnCo2O4 NPs on 
rGO nanosheet LiClO4 in PC Catalyst:binder=10:1 
~3800 at 100 
mA/g N.A. 
40 cycles at 400 mA/g at 
DOD of 1000 mA/g 
[131] 














at 0.1 mA/cm2 
Capacity dropped to 
39.9% from 0.2 mA/cm2 
to 1 mA/cm2 
20 cycles at 0.1 mA/cm2 




DMSO 40:50:10 5777 at 88 mA/g 
5777 at 88 mA/g; 2450 at 
450 mA/g 
15 cycles at 170 mA/g at 





TEGDME 20:70:10 and 50:40:10 
1560 at 0.2 
mA/cm2 
1700 at 0.1 mA/cm2, 850 
at 0.5 mA/cm2 
30 cycles at 0.1 mA/cm2 





TEGDME 20:60:20 N. A N. A. 
30 cycles at 0.1 mA/cm2 





Spinels are another class of much-researched complex transition metal oxides. They 
have shown good catalytic activities in aqueous solution due to the two metal redox 
pairs in their structure; with each individually responsible for OER or ORR. The 
spinels which have been investigated include CoMn2O4, [16] MnCo2O4, [130-131] 
NiCo2O4 [15, 17, 132] and ZnCo2O4. [12] These studies focused mainly on pore structure 
and electrical conductivity modifications. Spinels with a mesoporous structure tend to 
perform better than pristine carbon or nonporous spinels in these studies. [12, 17, 130, 132] 
Spinels have also been composited with rGO to improve their electrical conductivity. 
[16, 131] The spinel-rGO composites did improve upon the performance of pristine 
spinels but the extent of improvement was limited. The performance of spinel catalysts 
is compared in Table 2.4.  
 
Pyrochlores have also been evaluated for LOBs because of their good performance in 
Zn-air batteries and solid oxide fuel cells. [133, 135] Unsupported Bi2[Ru1.53Bi0.47]O7-δ 
(BiRO) and Pb2[Ru1.73Pb0.27]O6.5 (PbRO) NP catalysts were among the first to be 
investigated. Charge voltage was lower in PbRO than in BiRO (~4.0 V vs. 4.2 V). The 
PbRO NPs were later composited with Au NPs and carbon black to enhance their 
catalytic activity and electrical conductivity. The results were promising – the PbRO-
Au catalyst delivered 56% higher capacity than the pristine PbRO catalyst. The PbRO-
C catalyst also yielded higher capacity (25% higher) while keeping the charge voltage 
the same as that of unsupported PbRO NPs. [135] Recently, the same group carried out 
a further modification of the PbRO–C catalyst by using mesoporous Pb2Ru2O6.5 (MP 
PbRO-C). The modification resulted in 4% higher specific capacity and cycled for 25 




proportion of exposed oxygen vacancies, a nanoscale conductive network with metal-
like conductivity, and porosity that enables good diffusion to the active sites. [133] 
 
In conclusion, transition metal oxides have demonstrated acceptable activities for 
oxygen reactions in nonaqueous LOBs. The polarization in charging is significantly 
higher than in the case of noble metal catalysts (charge voltage ≥ 4.0 V) but lower than 
carbon-only catalysts. Proper modifications such as compositing with a highly 
conductive material (e.g. carbon spheres, rGO and CNTs) or morphology engineering 
(creation of porous structure) are needed to address some of their innate inadequacies.  
 
2.3.4 Redox mediators 
Redox mediators are the latest addition to the expanding repertoire of cathode catalysts. 
[136-137] Since conventional catalysts could not effectively reduce the charge 
overpotential to a satisfactory level, Chen et al. [137] resorted to the use of a redox 
mediator, tetrathiafulvalene (TTF), in the electrolyte to help with the oxidation of 
Li2O2. Since the insulating solid Li2O2 particles in the pores of a porous electrode are 
not in good electrical contact with the conducting pore walls, charge transfer is 
hindered resulting in severe polarization during charging. The TTF molecules 
(dissolved in the electrolyte) could undergo facile oxidation to TTF+ on the pore walls. 
TTF+ could then diffuse for a short distance to the Li2O2 particles in the pores and 
oxidized the latter. TTF+ was reduced to TTF in the process and re-oxidized at the 
pore walls. The overall effect of this mediated chemical oxidation of Li2O2 particles is 
a significant reduction of polarization in charging. The mediator should have a redox 




O2 placed the TTF+/TTF and TTF2+/TTF+ redox reactions at ~3.5 V and ~3.7 V 
respectively. Side reactions were minimized by using LiClO4 in DMSO electrolyte and 
a nanoporous gold (NPG) electrode; the electrode-electrolyte combination 
demonstrated to be the most stable for the reversible formation and decomposition of 
Li2O2. [138] Figure 2.16 and 2.17 show the cell discharge-charge curves with and 
without TTF and the cycling performance at different current densities. These curves 
correspond to TTF oxidation to TTF+ and not directly to Li2O2 oxidation. Further 
analysis revealed that for the first 20 cycles all of the TTF+ generated during charging 
went to oxidize Li2O2. After 100 cycles, a small amount of Li2CO3 was formed; 
indicating electrolyte decomposition and a small extent of TTF decomposition. 
 
Figure 2.16 First-cycle load curves with and without the redox mediator. a–d, For 1 M 
LiClO4 in DMSO at a nanoporous gold electrode under 1 atm O2 with 10 mM TTF (blue) and 
without TTF (red); the rates were increased from (a) 0.078 mA/cm2  to (b) 0.196 mA/cm2 , to 





Figure 2.17 Cycling stability of Li–O2 cathodes employing a redox mediator. a–d, 
Constant-current discharge/charge curves for the first, 20th and 100th cycle of a cell with 1 M 
LiClO4 in DMSO containing 10 mM TTF. A nanoporous gold electrode was used. The current 
density was increased from (a) 0.078 mA/cm2 to (b) 0.196 mA/cm2, to (c) 0.313 mA/cm2 and 
to (d) 1 mA/cm2. [137] 
 
Very recently, Lim et al. [136] reported superior performance of LOBs with LiI as the 
redox mediator in LiTFSI-TEGDME electrolyte. Similar to TTF, iodide ions (Iˉ) were 
oxidized to I3ˉ or I2; and the diffusion of the latter to Li2O2 “chemically oxidized” 
Li2O2 to Li+ and O2. (Figure 2.18) A hierarchically woven net of porous CNT fibrils 
(Figure 2.8-2.9) was also used in this work to support the rapid diffusion of reaction 
products and redox mediator. As a result, the charge overpotential in this work was as 
low as 0.25 V (below 3.25 V) and the cell could be cycled at 1000 mAh/g for 900 
times which is the most stable cell performance reported to date (Figure 2.19). 
However, some electrolyte decomposition after long-term cycling was still detected 
even the charge potential was lower than 3.25 V: byproducts such as Li2CO3 and 
LiOH were found in the oxygen electrode of the failed cells. Similar to the case of the 




do not correspond with the oxidation of Li2O2. They correspond, rather, to the 
oxidation of Iˉ to I2 or I3ˉ. Therefore, the 900 cycles of discharge and charge is not an 
indication of the reversibility of Li2O2 decomposition or a true LOB performance.  
 
Figure 2.18 Schematic illustration of the role of the redox mediator (RM) in a Li-O2 
battery using a hierarchical CNT fibril electrode. [136] 
 
Figure 2.19 a) Discharge/charge profiles of CNT fibril electrodes without a catalyst, with 
the Pt catalyst, and with LiI catalyst for a DOD of 1000 mAh/g and a current density of 2000 
mA/g. b) Electrochemical curves and c) cyclability and the end of charge and end-of-discharge 
voltages of CNT fibril electrode with LiI catalyst. d) Cyclability of CNT fibril electrode in the 




The TTF and LiI redox mediators did reduce the charge overpotential and enhance the 
cycling performance of LOBs. However, the redox mediators were tested in limited 
DOD mode in the above two studies, and high cell capacity has yet to be 
undemonstrated. Furthermore, cell performance is also likely to depend strongly on 
the transport properties of the mediator since the latter has to shuttle between electrode 
and the discharge product. This was experimentally demonstrated by the better 
performance of the cell where LiI was used with a highly ordered porous carbon 
cathode (where Li2O2 was uniformly deposited on the fibril surface) than the cell 
where it was used with KB carbon.  
 
In conclusion, LOB performance could be significantly improved with the use of 
proper catalysts. ORR in nonaqueous LOBs does not seem to depend strongly on the 
choice of the catalyst. On the contrary, OER varies significantly with the catalyst used.  
Hence, the main challenge is to identify an effective OER catalyst for nonaqueous 
applications. There are two main approaches to improve the catalyst performance- 
modification of the electrical conductivity of the catalyst system and the modification 
of the pore structure of the catalyst system. The former often involves the compositing 
of the base catalyst with a highly conductive material to form a hybrid catalyst system. 
A highly porous structure with large pores can generally improve discharge capacity 
as well as the rate performance. Redox mediators can reduce the charge voltage and 
enhance the cycling performance of LOBs but the challenge is in selecting mediators 





CHAPTER 3  NITROGEN-DOPED 
HOLLOW MESOPOROUS CARBON 
SPHERES FOR THE IMPROVEMENT OF 
THE CATALYTIC PERFORMANCE OF 
AuPt NANOPARTICLES IN NON-
AQUEOUS LITHIUM OXYGEN 
BATTERIES 
3. 1 Introduction  
The review in Chapter 2 has shown that oxygen catalysts with a mesoporous structure 
and large pore volume are less exposed to mass transfer effects in cell operations. 
Carbon materials are excellent candidates for the construction of these mesoporous 
structures. They are cost effective, electrically conductive, easy to fabricate; and 
furthermore, ORR-active in non-aqueous LOBs. The interest in using mesoporous 
carbon materials for the LOB cathode is clearly on the rise, as seen from a sampling of 
the recent literature. [23, 74, 76, 79, 82, 87, 89, 139] For example, Sun and coworkers [87] 
fabricated ordered mesoporous carbons with pore sizes of 6 nm (OMC-6) and 17 nm 
(OMC-17). Measurements showed OMC-6 surpassing OMC-17 and Super P carbon in 
rate performance at the DOD of 2000 mAh/g. Wang et al. [79] added Ni particles to a 
porous carbon skeleton and observed high rate performance (11,060 mAh/gcarbon at 280 




specific capacity (6000 mAh/g at 50 mA/g) and rate performance (discharge voltages 
of 2.75 V at 50 mA/g and 2.5  V at 1000 mA/g with DOD of 1000 mAh/g) from a 
three-dimensional mesoporous/macroporous carbon sphere array (MMCSAs) cathode 
catalyst; which compared favorably than a typical Super P cathode (average discharge 
voltage of 2.2 V and capacity of 250 mAh/g at 1000 mA/g). The authors attributed the 
good performance to a dual pore structure where the mesopores facilitated Li+ and 
oxygen diffusion, and electrolyte penetration while the macropores provided the free 
space to hold the discharge product (solid Li2O2). However the specific capacity of the 
mesoporous/macroporous dual pore carbon catalyst was still significantly lower than 
the theoretical value. There were also large discharge and charge polarizations which 
resulted in an unsatisfactory cycle life. The deficiencies were mainly caused by the 
inadequate catalytic activity of carbon for the charging reaction (OER) and the low 
electrical conductivity of the carbon in these constructions. 
  
The electrochemical performance of porous carbon can be improved by nitrogen-
doping of carbon and by adding an OER-active or a bifunctional (i.e. active for both 
ORR and OER) catalyst to carbon. Nitrogen-doped carbon has shown higher electrical 
conductivity and ORR activity; and better cycle stability than pristine carbon. [90, 140-141] 
Li et al. [22] reported that nitrogen-doping could increase the specific capacity of 
carbon nanotubes by 50%. Similarly, Nie et al. [23] also reported smaller discharge 
overpotential and higher capacity (1.73 times the specific capacity of carbon black 
catalyst) at 30 mA/g for LOBs containing a nitrogen-doped mesoporous carbon 





There are more effective ORR and OER catalysts than carbon. Noble metals and their 
alloys or oxides such as Pd, [92-93] Pt, [142] Ru, [6, 96] AuPt, [8] PtxCoy [99]  and RuO2 [98, 143] 
have exhibited good ORR and OER performance in non-aqueous LOBs (see review in 
Chapter 2). The AuPt NPs have since been confirmed to be one of the best 
bifunctional catalysts for LOBs in carbonate-based electrolyte. The noble metal NPs 
are commonly deposited on a conducting catalyst support to suppress the gradual loss 
of active surface area due to NP aggregation. Carbon black or carbon nanotubes were 
used in the abovementioned studies but the rate performance of the resulting LOBs is 
still an area for improvement. 
 
We believe that a combination of AuPt NPs and nitrogen-doped 
mesoporous/macroporous carbon should lead to a synergistic outcome. The 
mesoporous/macroporous carbon implemented in this study is in the form of nitrogen-
doped hollow mesoporous carbon microspheres (HMCMS). This is different from 
most of the sheet-like mesoporous carbon reported in the literature. The latter tends to 
agglomerate during electrode preparation and discharge/charge processes, leading to a 
gradual loss of the pore volume. A mesoporous carbon with an overall spherical 
morphology could reduce the propensity for agglomeration. During discharge, the fast 
and uniform transport of electrons, electrolyte, and oxygen could promote the 
deposition of Li2O2 as a uniform film on the conducting surface of HMCMS. OER is 
easier with a film-like Li2O2 layer because good contact with a conducting surface 
enables a more facile charge transfer. HMCMS serve not only as the catalyst support 
for noble metal NPs but also an ORR co-catalyst for non-aqueous LOBs. As a result 
LOBs with the AuPt/HMCMS composite catalyst delivered very good battery 




(longer) cycle life. The composite catalyst easily outperformed HMCMS and 
unsupported AuPt NP catalysts; and their capacity and rate performance were also an 
improvement of AuPt NPs supported on Vulcan XC-72 carbon. [8]   
 
3. 2 Experimental Section 
3.2.1 Synthesis of hollow mesoporous carbon microspheres (HMCMS): 
Hollow mesoporous silica microspheres (HMSMS) were synthesized by a silica 
templating method according to a published procedure. [144] In brief, 58.5g ethanol 
(CH3CH2OH, Fluka, analytical grade) and 10 g deionized water (DI water) were 
mixed in a flask, followed by the addition of 3.10 g aqueous ammonia (NH3H2O, 
Sigma-Aldrich, 32 wt%) under stirring. 5.6 mL TEOS (Tetraethyl orthosilicate, 
Sigma-Aldrich, >99%) was introduced 30 min later under vigorously stirring. The 
mixture was left to stand for 1 h to form nonporous uniform silica spheres. A mixture 
of 4.17 g TEOS and 1.87 g C18TMOS (trimethoxy(octadecyl)silane, Sigma-Aldrich, 
90%) was then introduced dropwise under stirring. At the end of the addition the 
mixture was kept at room temperature for 3 h without stirring. The precipitate was 
centrifuged, vacuum dried at 60 °C, and calcined at 550 °C for 6 h in air. The residual 
NH3H2O in the calcined powder was neutralized with 1M HCl (hydrochloride acid, J. 
T. Baker, 36.5-38.0%) solution and finally vacuum dried.  
 
The HMSMS prepared above were then coated with conductive carbon by a dopamine 
self-polymerization method. 100 mg HMSMS powder was washed twice with a 50 
mmol tri(hydroxymethyl)aminomethane (THAM, Sigma-Aldrich, 99.8%) buffer 
(TRIS buffer, pH=8.5), and transferred to a flask. 40 mL 50 mmol TRIS buffer and  80 




24 h. The solution turned to brown after the formation of polydopamine (PDA). The 
solid product was recovered by centrifugation, washed thrice with the TRIS buffer, 
and then vacuum dried at 60 °C overnight. HMCMS were obtained by etching the 
PDA-coated HMSMS in 10% HF solution for 2 h. The HMCMs were centrifugally 
recovered and vacuum dried.   
 
3.2.2 Synthesis the AuPt (1:1)/HMCMS composite: 
10.7 mg HMCMS was mixed with 5mL 50 mmol HAuCl4 (hydrogen tetrachloroaurate 
trihydrate, Alfa Aesar) solution and 5 mL 50 mmol H2PtCl6 (chloroplatinic acid 
hexahydrate, Alfa Aesar, ≥37.5% Pt basis) solution. The mixture was homogenized by 
30 min of stirring. An excess of freshly prepared NaBH4 (sodium borohydride, Alfa 
Aesar, 98%) aqueous solution was quickly added to the mixture under vigorous 
stirring. Stirring continued for another 15 min before the solid product was removed 
by centrifugation, and vacuum dried at 60 °C overnight. 
 
3.2.3 Materials Characterization: 
Field-emission transmission electron microscopy (TEM) and high resolution field 
emission scanning electron microscopy (FESEM) were performed on a 200 kV JEOL 
JEM-2010 microscope and a 5 kV JEOL JSM-6700F microscope respectively. XRD 
patterns were recorded by a Bruker GADDS XRD powder diffractometer using a Cu 
Kα source (λ=1.5418 Å) at 40 kV and 30 mA. Brunauer, Emmett and Teller (BET) 
surface area and pore size were measured by a NOVA 4200e Surface Area and Pore 
Size Analyzer. X-ray photoelectron spectroscopy (XPS) analysis was carried out on a 
Kratos Axis Ultra DLD spectrometer. All binding energies were referenced to carbon 




3.2.4 Electrochemical Measurements: 
The catalyst ink was prepared by mixing 30 wt% catalyst, 60 wt% KB (Shanghai 
Tengmin Corp., ECP600JD), and 10 wt% PVDF (polyvinylidene fluoride, Sigma-
Aldrich) in an appropriate amount of NMP (N-methyl-2-pyrrolidone, Sigma-Aldrich). 
The weight ratio of catalyst: KB: PVDF was changed to 8:1:1 for the examination of 
morphology evolutions. The mixture was stirred for 24 h to form a uniform dispersion. 
The ink was then evenly spread onto a carbon paper (11 mm in diameter and 146 µm 
thick) for electrochemical performance measurements (or onto a 11mm diameter Ni 
foam for morphology evolution examinations), and then dried in vacuum for 8 h at 
100 oC.  
 
The dried electrodes were weighed and transferred to an argon-filled glove-box (M 
Braun) where the moisture and oxygen contents were below 0.1 ppm each. Type 2032 
button cells (MTI) with perforations on one of the covers were used to assemble the 
Li-O2 cells. A Li−O2 cell was assembled using a catalyst-loaded carbon electrode, a 
lithium metal pellet anode (19 mm in diameter, ∼0.45 mm thick), a Celgard C480 
separator (19 mm in diameter) and a Whatman glass microfiber paper (GF/B, 19 mm 
in diameter), and a 0.1 M LiCF3SO3 (LiCF3SO3, Sigma-Aldrich, 99.995% trace metal 
basis) in TEGDME (tetraethylene glycol dimethyl ether, Sigma-Aldrich, 99%)) 
electrolyte. A 19 mm diameter nickel foam was used as the cathode current collector. 
The assembled cell was placed in a custom-made gas bottle and purged with dry O2 
(Soxal, 99.8%, H2O < 3 ppm) for 15 min. The O2 pressure inside the bottle was set at 1 





The Li-O2 cells were rested at open circuit (∼3.0 V vs Li/Li+) for 12 h before any 
measurement. Tests for electrochemical performance were conducted using a Neware 
CT-3008 battery tester. The cut-off voltages for discharge and charge were set at 2.2 V 
and 4.4 V respectively to minimize electrolyte decomposition. Cycle stability was 
tested at 100 mA/g for the DOD of 1000 mAh/g. 
 
For morphology evolution examinations a cell was disassembled to recover the 
oxygen electrode after the prescribed test. The recovered Ni foam electrode was 
soaked in acetonitrile for 2 h to remove the electrolyte. It was then dried in the glove 
box and examined by FESEM. 
 
All capacity calculations were based on the combined weight of the catalyst and KB 
carbon. All electrode potentials in this study were referenced to Li/Li+.  
 
3. 3 Results and Discussion 
3.3.1 Morphology and Structures  
In the preparation of HMCMS by the hard template method, solid silica particles with 
a mesoporous shell were first produced (Figure 3.1A) and then coated with 
polydopamine from the self-polymerization of dopamine. [145] Hollow mesoporous 
microspheres (Figure 3.2A-C) were then formed after calcining the polydopamine-
coated silica in Ar followed by the HF etching of silica. The HMCMS fabricated as 
such were ~380 nm diameter spheres with a ~270 nm diameter hollow core and a ~55 
nm mesoporous wall (Figure 3.2A-B and Figure 3.3A-B). There were a few ruptured 
microspheres (Figure 3.3A-B) caused most likely by the collapse of the carbon shell 




nonetheless useful for revealing the hollow interior of the HMCMS. The AuPt NPs 
deposited on the HMCMS surface were fairy uniform in size, about 5-6 nm in 
diameter; and without any sign of agglomeration (Figure 3.2D-F and Figure 3.3C-D). 
The reference AuPt NPs prepared without the HMCMS had about the same size but 
were otherwise severely aggregated due to the lack of a support or a capping agent 
(Figure 3.1B-C). 
 
Figure 3.1 TEM image of (a) the as-synthesized silica particles with a mesoporous shell. 







Figure 3.2 High resolution TEM images of the (A)-(C) HMCMS and (D-F) 
AuPt/HMCMS composite.  
 
 

































































Figure 3.4 Nitrogen adsorption−desorption isotherms of (a) HMCMS and (c) 
AuPt/HMCMS composite. Pore size distributions of (b) HMCMS and (d) AuPt/HMCMS 
composite.   
 
Nitrogen desorption-adsorption measurements were used to characterize the porosity 
in HMCMS and AuPt/HMCMS composite. Typical type IV isotherms were obtained 
thereby confirming the existence of mesopores (Figure 3.4a and c). The BET surface 
areas of HMCMS and AuPt/HMCMS composite were 886.1 m2/g (specific pore 
volume 0.90 cm3/g) and 74.2 m2/g (specific pore volume 0.11 cm3/g) respectively. The 
persistence of a single peak corresponding to a pore diameter of 3.5 nm in the pore 
size distribution plot (Figure 3.4b and d) suggests that the deposition of AuPt NPs did 
not significantly alter the mesoporous structure. On the other hand, the smaller specific 
surface area of AuPt/HMCMS relative to HMCMS does suggest some blockages of 






Figure 3.5 (A) Low magnification (500) SEM image of AuPt/HMCMS; (B) EDX 
spectrum of A.  
 
Table 3.1 EDX elemental mapping results of C, N, Au and Pt in AuPt/HMCMS 
composite.  
 
Element C N Au Pt 
Atomic % 84.58 5.42 5.12 4.88 
Weight % 33.28 2.49 32.73 31.51 
 
The weight percentage of AuPt NPs in the composite was estimated by EDX 
elemental mapping. The C, N, Au and Pt contents in the composite were measured to 
be 33.3 wt%, 2.5 wt%, 32.7 wt% and 31.5 wt% respectively.  
 
XRD confirmed the formation of a 1:1 AuPt alloy. Other than a broad diffraction 
feature in AuPt/HMCMS composite at about 2 = 30 which was contributed by the 
HMCMS, the other XRD peaks of AuPt NPs and AuPt/HMCMS are largely alike and 
in good agreement with those of FCC-structured 1:1 AuPt alloy (JCPDF card 01-074-
5396, Au0.5Pt0.5) (Figure 3.6). [146] The average AuPt crystallite size calculated from 
the AuPt (220) peak at 65.97 was ~5.0 nm for the AuPt NPs in AuPt/HMCMS and 
~5.6 nm for the unsupported AuPt NPs. These values are in general agreement with 
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Figure 3.6 XRD patterns of HMCMS, AuPt NPs and AuPt/HMCMS composite.  
 
 
Figure 3.7 High resolution XPS spectra of AuPt/HMCMS, AuPt NPs and HMCMS in the 
(a) Au 4f; (b) Pt 4f; (c) C 1s and (d) N 1s regions. 
High resolution XPS was used to analyze the surface composition and electron 
interactions in AuPt/HMCMS composite, HMCMS and AuPt NPs (Figure 3.7). The 
two peaks at binding energies of 83.40 eV and 87.05 eV from AuPt/HMCMS 
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composite could be assigned to Au 4f7/2 and Au 4f5/2 respectively. The peak locations 
indicate a negative shift of ~0.3 V relative to the unsupported AuPt NPs (Figure 4a). 
Likewise the Pt 4f7/2 and Pt 4f5/2 peaks of AuPt/HMCMS composite also shifted 
negatively by ~0.3 V in comparison with the unsupported AuPt NPs (Figure 3.7b). 
These negatively shifts suggest the presence of metal-support interaction between the 
AuPt NPs and the HMCMS support. The C 1s peaks of AuPt/HMCMS composite and 
HMCMS could be deconvoluted into four component peaks at 284.5 eV, 285.5 eV, 
286.5 eV and 288.3 eV; assignable respectively to graphitic carbon (C-C *), C-N, C-
OH and C=O species. The occurrence of nitrogen doping [147] is implicated by the C-N 
species and the C-OH and C=O species were remnants of polydopamine. The N 1s 
spectrum further confirms the presence of N in the composite and HMCMS (Figure 
3.7d): There are two conspicuous N peaks for HMCMS: pyrrolic N (-N-H) at 399.8 eV 
and imine N (=N-) [148-149] at 397.3 eV which clearly originated from polydopamine. 
The extent of nitrogen doping estimated from the XPS spectra was 4.2 wt%. The 
signal-to-noise ratios of the N 1s spectra were quite low, making it difficult to 
determine the peak shifts between HMCMS and AuPt/HMCMS samples. However, 
judging from the Au 4f and Pt 4f peaks shifts, electron migration from the N to AuPt 
sites in the AuPt/HMCMS composite was highly probable. Similar shifts have also 
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Figure 3.8  (a) First cycle discharge-charge curves of full cells with AuPt/HMCMS,  
AuPt NPs and HMCMS cathode catalysts at 100 mA/g; (b) first cycle discharge-charge curves 
of full cells using the AuPt/HMCMS cathode catalyst at different current densities in the 2.2 V 
to 4.4 V voltage window. 
 
The effectiveness of the catalysts for LOB reactions was tested in full LOBs using 1M 
LiCF3SO3 in TEGDME electrolyte. At a current density of 100 mA/g, the cell with the 
AuPt/HMCMS cathode provided the largest specific capacity and the smallest charge-
discharge voltage gap (Figure 3.8a). The specific discharge capacity of 6028 mAh/g 
was 168% of the capacity of the AuPt NP-only cell (3590 mAh/g) and 244% of the 
HMCMS-only cell (2467 mAh/g). At specific capacity of 2000 mAh/g, the voltage 
gap was 1.28 V for AuPt/HMCMS cell, 1.41 V for the AuPt NP cell and 1.88 V for the 
HMCMS cell (Figure 3.8a). The significant increase in specific capacity and decrease 
in discharge/charge voltage gap could be attributed to the combined effect of different 
catalyst compositions and structures. The “storage capacity” for Li2O2 of a catalyst is 
determined by the catalyst activity, surface area, pore architecture and the free volume 
in the cathode catalyst. [133] Clearly the deposition of catalytically more active AuPt 
NPs on HMCMS has elevated the performance of HMCMS in ORR and OER. This 
merely confirms that AuPt NPs are a better electrocatalyst for ORR and OER (higher 
ORR voltage plateaus and lower OER voltage plateaus). The hollow core of HMCMS 




volume for the deposition of solid Li2O2. The metal-support interaction which resulted 
in a net migration of electrons from the support to the metal could also be a factor; 
although we could not determine its effect on the intrinsic kinetics of oxygen 
electrocatalysis at this point in time.  
 
The rate performance of LOBs with the AuPt/HMCMS catalyst was tested at three 
current densities (Figure 3.8b). The discharge capacity at the current density of 100, 
200 and 500 mA/g was 6028, 5712 and 4619 mAh/g respectively. There was only a 
5% capacity decrease when the current density was doubled from 100 to 200 mA/g. 
The capacity decrease for a quintupling of the current density (from 100 to 500 mA/g) 
was much higher, at ~23%. These capacity losses were much smaller than catalysts 
without the dual-pore structure; and compared quite favorably with previous results in 
the literature.  For example, a CNT-RuO2 core-shell catalyst oxygen electrode would 
decrease the cell capacity by 10% when the current density was increased from 100 to 
200 mA/g. The capacity decrease became 30% when the current density was 
quintupled from 100 mA/g to 500 mA/g. [143] Co3O4 NPs supported on carbon spheres 
showed a 50% drop in specific capacity when the current density was doubled from 
100 to 200 mA/g. The capacity decrease escalated to 70% when the current density 
was increased further to 400 mA/g. [116] The discharge/charge voltage gap at 100, 200 
and 500 mA/g was 1.27 V, 1.48 V and 1.53 V respectively. It is worth mentioning that 
the increase in the voltage gap was caused mainly by the ORR overpotential, which 
caused then discharge voltage to lower from 2.71 V at 100 mA/g to 2.63 at 200 mA/g 
and 2.52 V at 500 mA/g, possibly due to the increase in transport resistance at high 
current density. On the other hand, the increase in OER overpotential was relatively 




from 200 to 500 mA/g. Since the OER process is less dependent on the diffusion of 
reactive species, it is mostly determined by the efficacy of the catalyst. The moderate 
increase in OER polarization with current density is a demonstration of the 
effectiveness of AuPt NPs for OER and the enhancements to charge and mass transfer 
brought about by the HMCMS substrate. Indeed the increase in OER overpotential 
with current density changes is small compared with other catalysts. [143] E.g. the 
increase in OER polarization for the CNT-RuO2 core-shell catalyst was 150 mV for 
the increase from 100 to 200 mA/g, and 250 mV for the increase from 200 to 500 
mA/g. [143] The specific capacity and rate performance of the AuPt/HMCMS cathode 
were also considerably better than the comparably sized AuPt NPs (~6.8 nm, 
supported on Vulcan XC 72 carbon black) reported by Yang and coworkers. [8] In that 
work, the discharge and charge specific capacities were 840 and 700 mAh/g (based on 
the combined weight of carbon black and AuPt NPs) at 60 mA/g, and ~700 mAh and 
400 mAh/g at 150 mA/g. The discharge and charge voltage plateaus were 2.6V and 
3.6 V at 60 mA/g and 2.5V and 4.0V at 150 mA/g (the charge cut-off voltage was 4.0 
V). [8] The higher specific capacity and enhanced rate performance of the 
AuPt/HMCMS cathode could therefore be attributed to the combination of a large 
surface area; fast charge and mass transfer contributed by the HMCMS support; and 
the high  OER and ORR catalytic activities of the AuPt NPs. 
 
Cell cyclability was examined by discharging and charging the cell repeatedly at 100 
mA/g to a depth of 1000 mAh/g. Figure 3.9 is a plot of discharge and charge cutoff 
voltages versus the cycle number. The AuPt/HMCMS cell could sustain 75 cycles 
before the charge cutoff voltage of 4.4 V was breached. Cells with AuPt NPs and 




discharge cutoff voltage or the charge cut off voltage was exceeded. The cycling 
performance measurements clearly indicate the AuPt/HMCMS composite was most 
capable (among the three catalysts) of bifunctional oxygen electrocatalysis in the LOB 
test environment.  
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Figure 3.9 Cyclability at 100 mA/g for the DOD of 1000 mAh/g. (a) AuPt/HMCMS 






Figure 3.10 High resolution SEM images of the electrode with AuPt/HMCMS catalyst at 
different cutoff voltages during discharge and charge 100 mA/g. (A) 2.2 V; (B) 4.0 V; (C) 4.2 
V and (D) 4.4 V. Scale bar is 100 nm.  
 
The morphology of the AuPt/HMCMS catalyst in different states of discharge and 
charge was examined. For this series of measurements a cell was discharged or 
charged to a predetermined cell voltage (2.0 V, 4.0 V, 4.2 V and 4.4V). The cell was 
then disassembled to retrieve the cathode for FESEM examination. Discharge to 2.2V 
was found to cover the AuPt/HMCMS cathode with a layer of film-like discharge 
product (Figure 3.10 A). The AuPt NPs were completely hidden from view but there 
were no toroid-shaped Li2O2 particles as reported in the literature. [79, 150] The Li2O2 
layer was significantly thinner after charging to 4.0 V and many of the AuPt NPs on 
the HMCMS reappeared. These are indications of the partial decomposition of Li2O2 




restored. The morphology at 4.4V was almost identical to that at 4.2V; and hence the 
decomposition of the Li2O2 was mostly completed at 4.2V.  
 
Figure 3.11 High resolution SEM images of the electrode with HMCMS catalyst at 
different cutoff voltages during discharge-charge at 100 mA/g. (A) 2.2 V; (B) 4.0 V; (C) 4.2 V 
and (D) 4.4 V. Scale bar is 100 nm.  
 
It is interesting to compare the morphology evolution of AuPt/HMCMS catalyst with 
that of HMCMS catalyst which engendered the dual-pore structure. A film-like Li2O2 
deposit was again found at 2.2 V (Figure 3.11A). The Li2O2 film was also thinner after 
charging to higher voltages but the decomposition of the Li2O2 layer does not appear 
to be as facile and as extensive as the AuPt/HMCMS catalyst. Hence the Li2O2 film 
was still presented at 4.2 V and was not even completely removed at 4.4 V.   
 
The morphology examination of the catalysts revealed that the HMCMS architecture 




Li2O2 which is usually an indication of the lack of affinity between the deposit and the 
substrate, Li2O2 was formed as a uniform thin film encompassing the HMCMS surface. 
The conforming thin film maximized the contact with the underlying (conducting) 
surface, thereby improving the charge transfer between Li2O2 and carbon in the 
discharge reaction. Li2O2 decomposition was made easier especially in the presence of 
a catalytically more active component such as AuPt NPs. The reason for the formation 
of film-like Li2O2 layer is not known although it is tempting to attribute it to nitrogen 
doping and the dual pore structure of the HMCMS. The in-situ N-doping of HMCMS 
through the polydopamine route enabled the nitrogen atoms to be uniformly and 
extensively distributed in the carbon skeleton. The presence of nitrogen atoms in 
carbon not only improved the substrate conductivity, but also rendered the carbon 
more catalytically active for ORR. [133] A more uniform distribution of catalytically 
active sites is expected to result in a more conformal deposition on the HMCMS 
surface resulting in a film-like deposit. Furthermore, the mesopores in the HMCMS 
shell supported the unhindered transport of Li+, electrons and oxygen; which also 
promoted the uniform deposition of film-like Li2O2. The AuPt NPs in the composite 
contributed most significantly to OER and hence the solid Li2O2 could be decomposed 
at lower voltages on the composite catalyst than the pristine HMCMS catalyst.  
 
3. 4 Conclusions 
Nitrogen-doped hollow mesoporous carbon microspheres were fabricated and used as 
a conducting catalyst support for 1:1 AuPt NPs. The AuPt/HMCMS composite 
prepared as such was effective as a cathode catalyst for nonaqueous LOBs; showing 
significant performance improvements in specific capacity (higher), overpotentials 




pristine HMCMS and unsupported AuPt NPs catalysts. At the current density of 100 
mA/g, the discharge and charge specific capacities were 6028 and 6000 mAh/g; and 
the discharge-charge voltage gap was 1.27 V. For a DOD of 1000 mAh/g, a cell with 
the composite catalyst could be cycled 75 times without exceeding the charge cut-off 
voltage of 4.4 V. The composite catalyst also exhibited good rate performance. The 
discharge capacity only decreased by 5% with the doubling of current density; and 
decreased by only 23% when the current density was quintupled. The satisfying 
electrochemical performance of the composite catalyst could be attributed to the dual-
pore (mesopore/macropore) structure of the HMCMS and the good ORR/OER 
catalytic activities of AuPt NPs. The nitrogen doping of the hollow mesoporous 
carbon spheres increased the electrical conductivity of the carbon substrate; while the 
dual pore architecture enabled unhindered transport of Li+ and electrolyte; and oxygen 
diffusion. The Li2O2 formed on the AuPt/HMCMs surface was film-like and as such 
was easier to decompose during recharge. These measurements suggest that HMCMS 





CHAPTER 4  EFFECTIVENESS OF Au/Ag 
NANOCLUSTER-MNO2 NANOWIRE 
HYBRIDS FOR OXYGEN 
ELECTROCATALYSIS IN NON-AQUEOUS 
SOLUTION 
4. 1 Introduction  
The ORR and OER activities of noble metals are also high in non-aqueous solution. [7-
8, 10] In the last chapter, we have shown how the performance of noble metal catalysts 
can be elevated by improving the catalyst support structure; using the AuPt/HMCMS 
catalyst system as an example.   
 
The use of noble metals is however unsustainable in view of their scarcity leading to 
an excessively high cost. One way to increase the utilization of noble metals is to 
reduce them to even smaller than NPs. Nanoclusters (NCs) are ultrasmall NPs (2nm) 
containing typically several to a few hundred atoms which make them closer to 
molecules than NPs. NCs also tend to adopt different atomic packing than their bulk or 
nanoparticle counterparts. For example, Au and Au NPs normally still exhibit a face 
centered cubic structure whereas a typical cluster such as Au25(SR)18 (~ 1 nm in size) 
contains a 13-atom Au13 icosahedral core and a 12-atom Au12(SR)18 shell. The small 
size results in strong quantum confinement effects; and the energy levels in 
nanoclusters are even more discretized than their nanoparticle counterparts. [27] 




activities than bulk or NPs in oxygen and water-splitting reactions. [28-29, 151-152] For 
examples, while bulk Au and large Au NPs have not shown any OER or ORR activity, 
Au NCs display ORR activity in 0.1 M KOH when their size is smaller than 1.7 nm 
and the limiting current continues to increase with decreasing NCs size. [28-29] The 
catalytic activity has been attributed to the large fraction of low coordination number 
surface atoms which promote facile O2 adsorption and hence reduce the activation 
barrier in ORR. [29] Ag NCs with size of 0.7 nm are also more catalytic active towards 
ORR than 3.3 nm Ag NPs in 0.1 M KOH. [153] While these studies have demonstrated 
higher activities of noble metal NCs relative to their nanoparticle counterparts for 
oxygen electrocatalysis in aqueous solution, there has yet to be a study to confirm the 
activities of NCs in non-aqueous solution where LOBs are operating. There are 
probably two reasons for the lack of studies on oxygen electrocatalysis by noble metal 
NCs in non-aqueous environment. The first reason is the degradation or a total loss of 
catalytic activity due to the propensity for NC aggregation during the electrode 
preparation for a nonaqueous environment. Second, most conventional NCs are 
prepared with thiol capping groups. The bonding of sulfur to the NC surface, which is 
needed for NC stabilization, is also a cause of catalyst deactivation. [28]  
  
One possible way to address the application issues of noble metal NCs is to stabilize 
them on a suitable catalyst support and to select the capping agent prudently. It would 
even be better if the catalyst support is also catalytically active. α-MnO2 nanowires 
(NWs) could be such a support as it has the best performance among MnOx catalysts 
for the LOBs. Their good performance is due to its unique 22 tunnel structure which 
can concurrently accommodate Li+ and O2 ions. [30] In addition, there have been 




when Au NPs are combined with MnOx. [154-156] The local interaction between Au NPs 
and MnOx was believed to be the cause. [154-156] Similarly hybrids of Ag NPs with 
MnxOy also demonstrated enhanced ORR and OER activities in alkaline solution. [157-
158] It should be emphasized again that all of these studies were carried out in the 
aqueous environment. Non-aqueous LOBs have the added problem of insoluble 
discharge products. The cathode catalyst must also contain sufficient porosity to 
prevent the blockage of catalyst active sites. A catalyst support formed by NWs can 
provide the porous skeleton for the cathode to accommodate the solid discharge 
products.  
  
This chapter presents our design and preparation of NC-based catalysts for ORR and 
OER in non-aqueous LOBs. The hybrid catalyst was prepared by anchoring poly (3,4-
ethylenedioxythiophene) (PEDOT)-capped noble metal NCs on -MnO2 NWs. Au 
NCs and Ag NCs were chosen in this study as the model system in view of their 
relatively low cost among the noble metals; and their demonstrated catalytic activities 
in aqueous systems. EDOT served the dual function of a reducing agent and a capping 
agent. EDOT is a weak reductant. It is also much bulkier in size compared with 
common thiol capping agents and hence the protected NCs would have more free and 
accessible surface sites even after capping with PEDOT (vide infra). The Au/Ag NC-
MnO2 NW hybrid cathode catalysts were also tested in a full LOB cell setup. The 
hybrid catalysts delivered good full-cell performance; including lower charge and 
discharge overpotentials, higher capacity and greater cycle stability than the pristine 






4. 2 Experimental Section 
4.2.1 Synthesis of -MnO2 NWs: 
The synthesis of -MnO2 NWs was based a previously reported method. [159] 
Specifically 8 mmol of manganese sulfate monohydrate (MnSO4·H2O, Sigma-Aldrich), 
8 mmol of ammonium persulfate ((NH4)2S2O8, Sigma-Aldrich) and 24 mmol of 
ammonium sulfate ((NH4)2SO4, Sigma-Aldrich) were dissolved in DI water at room 
temperature to form a homogeneous solution. The solution was transferred to a Teflon 
lined stainless steel autoclave and heated at 120 °C for 12 h. The resultant black 
precipitate was filtered off, washed with DI water thrice, and then vacuum dried at 80 
°C overnight. 
 
4.2.2 Synthesis of Au cluster-α-MnO2 NW (Au-MnO2) and Ag cluster-α-MnO2 
NW (Ag-MnO2) hybrids: 
Au–MnO2: 2 mL 40 mM -MnO2 NWs (on a Mn atom basis) was mixed with 2 mL 
10 mM HAuCl4 (Hydrogen tetrachloroaurate trihydrate, Alfa Aesar) under moderate 
stirring (~500 rpm). Adsorption was allowed to continue for hours before the mixture 
was centrifuged at 5000 rpm for 5 min. The recovered solid residue was redispersed in 
4 mL ultrapure water, and added with 4 mL 20 mM EDOT (3,4-
ethylenedioxythiophene, Sigma-Aldrich) solution in 50% v/v water/ethanol 
(CH3CH2OH, Fluka, analytical grade) mixture. The reduction reaction was carried out 
under stirring (~500 rpm) for 20 h. The final product was recovered from the reaction 





Ag–MnO2: The same procedure for the preparation of Au NCs on MnO2 NWs was 
used except for the replacement of 2 mL 10 mM HAuCl4 with 2mL of 10 mM AgNO3 
(silver nitrite, Sigma-Aldrich). 
 
4.2.3 Materials Characterization: 
The procedures of 3.2.3 were also used for the TEM, FESEM, XRD and XPS 
characterizations of the catalysts here. 
 
4.2.4 Electrochemical Measurements: 
The measurement and testing conditions and equipment, the preparation of catalyst ink 
and electrodes for electrochemical measurements and examination of morphology 
evolution; were the same with those in 3.2.4. 
 
4. 3 Results and Discussion 
4.3.1 Morphology and Structures 
 




The Au and Ag clusters in this part of the work were synthesized with the assistance of 
a sulfur-containing heterocyclic compound, EDOT. EDOT served as the reducing 
agent for the Au and Ag precursors as well as a weak capping agent for the metal 
nanoclusters formed (Scheme 4.1). The Au and Ag NCs were attached to the sulfur 
atom in the thiophene ring of the EDOT. Since the lone pair electrons of sulfur are 
conjugated to the thiophene ring, the coordination power of sulfur to the surface metal 
atoms of the NCs was significantly weakened. During the NC preparation the 
reduction of the noble metal precursor also oxidatively polymerized EDOT into a 
conducting polymer (PEDOT). The overall electrical conductivity of the NCs was 
improved as a result; which should benefit the charge transfer during discharge and 
charge reactions. The PEDOT molecule is bulkier than most sulfur–containing 
capping agents (e.g. alkanethiols). The size of PEDOT, and the weaker bonding of 
sulfur in PEDOT to the metal surface atoms, should increase the accessibility and 
availability of more NC surface atoms for O2 diffusion and adsorption. The use of 
EDOT as the reductant has been reported in the literature. [160-161] Only NPs were 
formed because the relatively weak coordination power of the sulfur atom in PEDOT 
could not restrain growth of the metal nuclei in the early stages. In this study, Au(III) 
and Ag (I) ions were pre-adsorbed on the -MnO2 NWs. The immobilization of gold 
and silver precursors limited the growth of Au and Ag species formed during 
(heterogeneous) reduction, thereby allowing NCs to be formed with PEDOT as the 





Figure 4.1 High resolution TEM images of (A) Au-MnO2 hybrid and (B) Ag- MnO2 
hybrid. The histograms of NCs size distributions of (C) Au-MnO2 hybrid and (D) Ag-MnO2 
hybrid. 
 
Figure 4.1 and Figure 4.2 show the typical TEM images of as-synthesized Au-MnO2 
and Ag-MnO2 hybrids. The MnO2 NW surface was uniformly decorated with Au and 
Ag NCs with relatively narrow size distributions. The average size of the Au NCs (the 
black dots on the surface of the MnO2 NWs in Figure 4.1A) was ~0.9 nm, with a 
standard deviation of 0.2 nm. By comparison the Ag NCs were larger in size (~1.7 nm 
on the average) and broader in size distribution (standard deviation of 0.5 nm). Most 
of the Ag NCs were in the 1.5 to 2.0 nm size range but there were a few 2-5 nm Ag 
NPs. The larger Ag NPs were also oval rather than spherical in shape (Figure 4.1B). 
This was distinctively different from the case of Au NCs where no NC agglomeration 
was observed. The difference in shape and size of the Au and Ag NCs could be due to 
their different affinity for the capping agent. It may be concluded that PEDOT is a 





Figure 4.2 TEM images of the overall morphology of clusters-MnO2 hybrid. (A) Au-
MnO2 hybrid and (B) Ag-MnO2 hybrid. 
 
The surface morphology of the hybrids as examined by SEM is shown in Figure 4.3. 
The smooth nanowire surface after the deposition of Au/Ag clusters is an indication of 
the ultrasmall size of Au and Ag NCs. There was also no sign of cluster aggregation.  
 
Figure 4.3 FESEM images of the (A) Au-MnO2 hybrid and (B) Ag-MnO2 hybrid (Inset: 
images taken at higher magnification).  
 
The elemental distributions in Au-MnO2 and Ag-MnO2 hybrids were assayed by 
scanning transmission electron microscopy (STEM) (Figure 4.4). The resulting 
elemental maps confirmed the uniform dispersion of Au NCs and Ag NCs in the 
MnO2 NWs. The S/Au and S/Ag ratios were however different for the PEDOT-
protected Au and Ag NCs (Figure 4.4). The higher S/Au ratio confirms the stronger 
affinity between Au and PEDOT resulting in greater protection of the Au NCs by 
PEDOT; and consequently lesser NC aggregation than in the case of PEDOT-






Figure 4.4 Elemental maps of Au, Mn, S and O for (A) Au-MnO2 hybrid and (B) Ag-
MnO2 hybrid.  
 
 
Figure 4.5 XRD patterns of MnO2, Au-MnO2 hybrid and Ag-MnO2 hybrid. (#: Au peaks; 
&: Ag peaks). 
 
Figure 4.5 shows the XRD patterns of MnO2 NWs and Au/Ag NC-MnO2 NW hybrids. 
The diffraction peaks of α-MnO2 are present in all samples and can be indexed well to 
the standard (JCPDS #01-072-1982). The Au and Ag peaks (marked # for Au and & 




strong Au peaks in the Au NC-MnO2 hybrid, indicating the possibility of the presence 
of Au NPs in the hybrid even though no Au NC or NP aggregates was found by TEM 
and SEM. 
 
Figure 4.6  (a) X-ray photoelectron spectrum of Au 4f region in the Au-MnO2 hybrid; (b) 
X-ray photoelectron spectrum of Ag 3d region in the Ag-MnO2 hybrid. 
 
 
Figure 4.7 XPS high-resolution spectrum of the Mn 2p region. (a) prisitine MnO2 
nanowires and (b)  2P3/2 peak for Au-MnO2 hybrid, Ag-MnO2 hybrid and pristine MnO2 
nanowires. 
 
High resolution XPS was used to analyze the surface compositions and electronic 
interactions in Au-MnO2 and Ag-MnO2 hybrids (Figure 4.6). The two Au XPS peaks 
at 83.5 eV and 87.2 eV correspond well with the binding energies of Au 4f7/2 and Au 
4f5/2 electrons respectively. [152, 162] The Au 4f7/2 peak could be deconvoluted into two 
























component peaks assignable to the reduced Au(0) clusters (83.5 eV, 78.3 wt%) and 
Au(I) ions (84.3 eV, 21.7 wt%).[162] In the Ag 3d region of Ag-MnO2, the two peaks 
with binding energies at 367.6 eV and 373.6 eV are assignable to Ag(0) 3d5/2 and Ag(0) 
3d3/2 respectively.[163-164] The Ag 3d peaks could also be further deconvoluted. For 
example, the Ag 3d5/2 peak could be deconvoluted into two component peaks 
associated with Ag(I) (367.5 eV, 78.6 wt%) and Ag(0) (368.2 eV, 21.4 wt%).[163] All 
in all peak fitting has shown Au(0) and Ag(0) as the dominant species in Au-MnO2 
and Ag-MnO2 hybrids. The presence of Au(I) and Ag(I) in the hybrids is a 
characteristic of NCs and a consequence of the metal-PEDOT interaction. All in all 
peak fitting has shown Au(0) and Ag(0) as the dominant species in Au-MnO2 and Ag-
MnO2 hybrids. The presence of Au(I) and Ag(I) in the hybrids is a characteristic of 
NCs and a consequence of the metal-PEDOT interaction. The Mn oxidation state for 
the MnO2 NW support was similarly inferred from the Mn 2p region in the XPS 
spectrum (Figure 4.7). The Mn 2p3/2 peak at 642.0 eV and the Mn 2p1/2 peak at 653.7 
eV confirm that Mn existed as MnO2 (Figure 4.7A). [165]    However, a comparison of 
the Mn 2p3/2 peaks of α-MnO2 NWs, Au-MnO2 and Ag-MnO2 hybrids revealed some 
binding energy shifts among them (Figure 4.7b). The binding energy of Mn 2p3/2 was 
641.4 eV in Au-MnO2 and 641.8 eV in Ag-MnO2. These values represent down shifts 
of 0.62 eV and 0.22 eV from the MnO2 NWs (642.0 eV) respectively. The binding 
energy shifts of the Mn 2p region suggest electron migration from the metal NCs to 
the manganese oxide and hence the existence of metal-support interaction between 
MnO2 NWs and noble metal NCs. Metal-support interaction between noble metals and 
MnOx has previously been reported for Au NPs in CO oxidation. [155] From the 
magnitudes of the shift the interaction was apparently stronger in Au-MnO2. The 




relative integrated peak intensifies were 13.4% and 11.6%, respectively. The smaller 
number in the latter is yet another indication of a weaker metal-support interaction. 
 
4.3.2 Full Cell Tests 








 A: MnO2 nanowires
 B: Au-MnO2 hybrid

















Figure 4.8 Charge-discharge curves of full cells with different cathode catalysts: (A) α- 
MnO2 NWs; (B) Au-MnO2 hybrid and (C) Ag-MnO2 hybrid. A current density of 100 mA/g 
was used in these measurements.  
 
The catalysts were tested in full Li-O2 cells using 1M LiCF3SO3 solution in TEGDME 
as the electrolyte. Figure 4.8 shows the first cycle discharge-charge curves of 3 cells at 
the current density of 100 mA/g which differed only in the cathode catalyst used (α-
MnO2 NWs, Au-MnO2 and Ag-MnO2 hybrids). The performance of the α-MnO2 NW 
catalyst was comparable to that reported by Bruce and co-worker. [30] Cells with Au-
MnO2 or Ag-MnO2 hybrid cathode catalyst were higher in capacity and smaller in 
voltage gap than the cell with α-MnO2 NW catalyst. Specifically the discharge and 
charge capacities were 5759 and 5020 mAh/g for the Au-MnO2 hybrid cell; 4903 and 




MnO2 NW cell. The discharge and charge capacities of the Au-MnO2 cell were 
therefore ~ 2.6 and ~ 2.2 times of those of the α-MnO2 NW cell. Furthermore, at the 
specific capacity of 1750 mAh/g (corresponding to the end of the discharge plateau of 
the α-MnO2 NW cell), the charge-discharge voltage gaps were 1.36 V for the Au-
MnO2 hybrid cell, 1.38 V for the Ag-MnO2 hybrid cell; and a significantly higher 1.56 
V for the α-MnO2 NW cell. The addition of noble metal NCs to α-MnO2 was able to 
reduce the charge-discharge voltage gap by as much as 180 mV. The activation 
overpotentials in discharge were about the same for all three cells; hence the reduced 
voltage gaps were due mainly to the improvement of OER kinetics in the presence of 
Au and Ag NCs. Based on these observations, the effectiveness of the three catalysts 
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Figure 4.9 Discharge-charge curves of cells using Au-MnO2 hybrid or Ag-MnO2 hybrid 




The rate performance of cells with Au-MnO2 or Ag-MnO2 hybrid cathode catalyst was 
then compared (Figure 4.9). The trend of increasing discharge and charge 
polarizations with increased current density was the same for the two cells. At the 
same current density the Au-MnO2 hybrid cell always provided a higher capacity than 
the Ag-MnO2 hybrid cell. For the depth of discharge of 1300 mAh/g, the charge-
discharge voltage gaps were 1.32 V at 100 mA/g, 1.49 V at 200 mA/g, and 1.85 V at 
500 mA/g for the Au-MnO2 hybrid cell. The corresponding values for the Ag-MnO2 
hybrid cell were 1.43 V, 1.57 V and 1.98 V. It may therefore be concluded that the 
Au-MnO2 hybrid catalyst had higher ORR and OER catalytic activities. Other than a 
smaller charge-discharge voltage gap, the Au-MnO2 hybrid cell also delivered 18%, 
31% and 15% more capacity than the Ag-MnO2 cell at the current density of 100 
mA/g, 200 mA/g and 500 mA/g respectively. All of these are testimony of the higher 
catalytic activities of the Au-MnO2 hybrid catalyst for oxygen electrocatalysis. The 
discharge process at a relatively low current density (~100 mA/g) was slow. The 
deposition of the discharge product – insulating solid Li2O2, should be slow and hence 
the discharge process could continue until the pores in the catalyst were fully blocked. 
At a high current density (500 mA/g), on the other hand, the fast discharge process 
could cause a rapid buildup of a large amount of Li2O2 solid in the pore mouth within 
a short period of time. Discharge was terminated early by the premature blockage of 
the pores. In a way the catalyst performance at relatively low and very high current 
densities was determined by its intrinsic ORR activity. At a moderate current density 
of 200 mA/g, however, the pores were not completely blocked, and conductivity and 
the number of active sites could be more important considerations than the intrinsic 
ORR activity of the catalyst. The Au-MnO2 catalyst with smaller Au NCs and a higher 




hybrid. As a result, the % capacity increase of Au-MnO2 hybrid over the Ag-MnO2 
hybrid was much higher at 200 mA/g than at 100 mA/g and 500 mA/g.  
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Figure 4.10 Cycle stability of cells with different cathode catalysts. (A) Au-MnO2 hybrid, 
(B) Ag-MnO2 hybrid and (C) MnO2 NWs. The measurements were performed at a current 
density of 100 mA/g to a capacity of 1000 mAh/g.  
 
For stability evaluation cells with Au-MnO2 hybrid, Ag-MnO2 hybrid and α-MnO2 
NW cathode catalysts were cycled at a current density of 100 mA/g to a capacity of 
1000 mAh/g (Figure 4.10). The voltages at the end of discharge and charge were 




catalyst had the best cycling performance; showing little variation in capacity over 60 
cycles. The end-of-discharge voltage was nearly constant throughout the cycling (at 
2.7 V) but there was a graduate increase in the end-of-charge voltage with cycling. 
The end-of-charge voltage was lower than 4.4 V for the first 30 cycles but increased to 
4.5 V in the 40th cycle and to 4.62 V in the 60th cycle. Different from the Au-MnO2 
hybrid cell, the Ag-MnO2 cell cycled less stably, the end-of-charge and end-of-
discharge voltages were 4.40 V and 2.73 V in the 10th cycle and increased to 4.59 V 
and 2.41 V by the 15th cycle. The α-MnO2 cell had the worse stability; showing 
severely increasing polarizations during cycling. The end-of-discharge and end-of-
charge voltages were as high as 2.68 V and 4.41 V respectively even in the 2nd cycle. 
These values escalated to 1.42 V and 4.72 V by the 6th cycle, with the latter close to 
the electrolyte decomposition voltage (4.78 V). Therefore, at the same current density, 
the cell with Au-MnO2 hybrid catalyst outperformed the cells with the other two 




Figure 4.11 FESEM images of as-prepared electrodes. (a) Au-MnO2 hybrid; (b) Ag-MnO2 





Figure 4.12 SEM images of the morphology of Au-MnO2 hybrid in discharge-charge 
operations at 100 mA/g. (A) at the end-of-discharge (2.2 V); (B) after charging to 4.0 V; (C) 
after charging to 4.2 V and (D) after charging to 4.4 V. (The scale bar is 500 nm) 
 
In order to gain some insights into the discharge and charge processes, several 
electrodes were fabricated; discharged and charged at 100 mA g-1  to representative 
end points (2.2 V, 4.0 V, 4.2 V and 4.4 V); dismantled from the cell and had their 
morphology examined (Figure 4.12-14). Figure 4.11 shows the morphology of the as-
prepared electrodes with Au-MnO2 hybrid, Ag-MnO2 hybrid and MnO2 NWs catalysts 
(the small particles in the images are KB). Figure 4.12A shows that, at the end of 
discharge to 2.2V, the entire surface of the Au-MnO2 electrode was covered with a 
leaf-like solid with the longer diameter being ~400 nm. No NW structure could be 
seen. The solid is believed to be Li2O2 in view of the depth of discharge. The Li2O2 
layer became thinner after charging 4.0 V, exposing some of the underlying wire-like 
morphology (Figure 4.12B) as a result of the partial decomposition of Li2O2. When the 
charge potential was raised to 4.2 V, most of the Li2O2 solid coating disappeared 




decomposition of Li2O2 at this higher voltage (Figure 4.12C). Finally, all solid 
discharge product completely disappeared with full restoration of the NW architecture 
after charging to 4.4 V (Figure 4.12D). Since prevailing views consider Li2O2 
formation as the only reversible reaction in the Li-O2 cathode, the complete 
disappearance of the solid discharge product suggests Li2O2 instead of Li2O as the 
main reaction product. It should be empathized that the decomposition of the 
discharge product on the surface of the Au-MnO2 catalyst was almost complete at 4.2 
V. 
 
Figure 4.13 SEM images of the morphology of Ag-MnO2 hybrid discharged and charged 
at 100 mA/g. (A) after discharging to 2.2 V; (B) after charging to 4.0 V; (C) after charging to 
4.2 V and (D) after charging to 4.4 V. (the scale bar is 500 nm) 
 
The morphology evolution of the Ag-MnO2 hybrid catalyst was likewise followed at 
pre-selected discharge and charge voltages. The Ag-MnO2 surface was covered with a 
porous continuous solid product after discharge to 2.2 V. The solid deposit, which was 




many interlinked spherical particles (Figure 4.13A). The solid product was thinner and 
less knobby at 4.0 V but the Ag-MnO2 surface was still fully covered (Figure 4.13B). 
The amount of irregular solids on the electrode surface decreased significantly at 4.2 V 
resulting in the reappearance of the NW morphology. Despite the disappearance of the 
spherical particles, many parts of the electrode surface were still covered by a thin film 
(Figure 4.13C). The solid deposit was only completely removed after charging to 4.4 
V. The total disappearance of the solid deposit signified the complete decomposition 
of the discharge product (Figure 4.13D). However, a higher voltage (4.4 V) was 
required in this case relative to product decomposition on Au-MnO2. 
 
Figure 4.14 SEM images of the morphology of MnO2 nanowires discharged and charged 
at 100 mA/g to (A) 2.2 V; (B) 4.0 V; (C) 4.2 V and (D) 4.4 V. (the scale bar is 500 nm)  
 
The cell with pristine α-MnO2 NW cathode exhibited similar discharge product 
morphology as the Ag-MnO2 cell (Figure 4.14A). The discharge product consisted of 




still quite thick even after charging to 4.0 V (Figure 4.14B). Thinning of the solid layer 
occurred after charging to 4.2 V but the surface of the NWs was still fully covered 
with a solid deposit (Figure 4.14C). The solid product, however, disappeared 
completely after charging to 4.4 V with full restoration of the NW appearance. Similar 
to the Ag-MnO2 catalyst, the complete decomposition of the discharge product also 
required a higher charge voltage of 4.4 V. In summary, Figure 4.12-14 show that 4.4 V 
was a high enough voltage to restore the catalyst original morphology. Consequently 
the discharge product was most likely Li2O2. On the other hand, 4.0 V was too low a 
voltage for the decomposition of Li2O2.  The discharge product morphology varied 
most noticeably at 4.2 V due to the different extents of Li2O2 decomposition. Nearly 
all of the solid Li2O2 was decomposed on the Au-MnO2 electrode. Slightly more than 
half of Li2O2 was decomposed on the Ag-MnO2 electrode; and only a small fraction of 
Li2O2 was decomposed on the -MnO2 NW electrode. 
 
There are three likely reasons for the good performance of the Au-MnO2 and Ag-
MnO2 catalysts. First, Au and Ag clusters improve the ORR kinetics during discharge. 
The large number of uncoordinated surface atoms in Au and Ag clusters is a hotbed of 
catalytically active sites. Indeed the experimental measurements in this study show 
that Au/Ag NCs deposited on a MnO2 MW surface benefits the OER kinetics the most. 
Second, the hybrid surface is covered with the capping agent PEDOT, a conducting 
polymer which could facilitate the charge transfer in ORR/OER by lowering the 
resistance to electron transport. Last but not least, the Au and Ag clusters could also 
affect the morphology of the reaction product during discharge. The formation and 
decomposition of discharge products is closely associated with Li+ and O2 transfer 




morphology evolution measurements revealed that Au clusters tend to promote the 
formation of leaf-like discharge products, which are easier to decompose during 
charging; and hence are more able to provide a higher capacity, higher round-trip 
efficiency and a longer cycle life. The Ag clusters, although not as good as the Au 
clusters, are still more effective in decomposing the discharge products than pristine α-
MnO2 NWs.  
 
4. 4 Conclusions 
PEDOT-protected Au/Ag NC-MnO2 NW hybrids were evaluated for their 
effectiveness in ORR and OER in non-aqueous electrolyte. Performance testing was 
carried out in lithium-oxygen test cells using the Au/Ag-MnO2 hybrid as the cathode 
catalyst; and benchmarked against the α-MnO2 NW catalyst (the best of MnO2 
catalysts). The Au/Ag-MnO2 hybrids, especially the Au-MnO2 hybrid catalyst, 
performed very well relative to the pristine α-MnO2 NWs. The cell with the Au-MnO2 
hybrid catalyst could provide discharge and charge capacities of 5759 and 5020 
mAh/g; and voltage gap of 1.36 V at a current density of 100 mA/g. It also showed 
better rate performance and good cycle stability. The cell with the Au-MnO2 as 
cathode catalyst could also run steadily for at least 60 cycles at 100 mA/g. The good 
full cell performance with the Au/Ag-MnO2 hybrid catalyst is believed to be due to the 
effectiveness of Au/Ag clusters in promoting the ORR/OER kinetics and the 
morphology of the discharge products on α-MnO2 NWs. In addition the conducting 
property of the PEDOT capping agent also contributed to kinetic enhancements by 





CHAPTER 5  COBALT OXIDE 
NANOFLOWER-CARBON NANOTUBE 
COMPOSITE  
5. 1 Introduction  
In previous chapters, noble metal NPs and noble metal NCs were used to increase the 
activity of the cathode for oxygen electrocatalysis in nonaqueous LOBs. In view of the 
large scale deployment plan of LOBs; noble metals are unlikely to be a sustainable 
catalyst solution because of their high cost. Transition metal oxides, with reasonable 
activity and a much lower cost, are alternatives worthy of serious consideration. There 
is a long list of transition metal oxides which have been examined for oxygen 
electrocatalysis in the LOB environment. The list covers both the simpler binary 
oxides [11, 30, 102-104, 107, 112-114, 117, 166-167] and the more complex multi-metallic oxides. [12, 
15-17, 123-125, 128] 
 
Débart et al. [110] examined a series of catalysts including Pt, La0.8Sr0.2MnO3, Fe2O3, 
Fe3O4, Co3O4, CuO and CoFe2O4 in non-aqueous LOBs and concluded that Co3O4 has 
the best balance of discharge capacity and cycle stability; as well as the lowest voltage 
plateau in charging (4.0 V). The finding has significantly increased the interest in 
cobalt oxides (including Co3O4, CoO and CoOx) as an air-cathode catalyst. [9, 11, 111-118, 
166] In some of these studies, porous Co3O4 was directly deposited onto a current 
collector (a Ni foam [11, 112, 114] or a carbon paper [115]) without binder and conducting 
additives (carbon black or KB carbon). While these porous Co3O4 catalysts are 




for LOBs are far from satisfactory. The highest specific capacity was ~3500 mAh/g at 
100 mA/g [11] for a Co3O4 thin film catalyst with hierarchical pores which could be 
cycled for 35 times at the DOD of 1000 mA/g.  In a different study, an array of Co3O4 
nanosheets vertically grown on carbon paper delivered a specific capacity of 2159 
mAh/g at 100 mA/g; which could be run for a maximum of 60 cycles at a lower DOD 
of 500 mAh/g. [115] The low electrical conductivity of Co3O4 was thought to be the 
cause of the limited specific capacity and cycling performance. Hence cobalt oxide 
was composited with materials of high intrinsic conductivity such as the various forms 
of graphitic carbon. Co3O4-reduced graphene oxide (Co3O4-rGO), Co3O4-carbon 
spheres, CoOx (x<1)-carbon double layer thin films, and CoO NP-mesoporous carbon 
were some of the composites prepared and evaluated. [9, 111, 113, 116-117] These 
composites generally showed limited improvements; suggesting that the limitations of 
cobalt oxide could not be fully remediated by forming simple hybrids with a conductor. 
We drew inspirations from our related work on lithium-ion battery materials where a 
dual-carbon conducting network was used to improve the electron transport properties 
of the lithium-storage host. Specifically the active particles were coated with a thin 
layer of nanocarbon to allow charge transfer to occur anywhere on the particle surface. 
The carbon-coated active particles were then electrically integrated by a highly 
conductive form of carbon (e.g. graphene) with a higher throughput for electron traffic 
to “fast-track” the electrons extracted from the active particles to the current collector. 
The extension of this strategy to cobalt oxide catalysts in this study would then involve 
carbon coating of the cobalt oxide particles, followed by their integration with a highly 





On the other hand, it is known that an air (oxygen) cathode must have sufficiently 
large catalytically active surface area and pore volume to hold the insoluble product 
(Li2O2) formed in the cathode during discharge. [168-169] The carbon skeleton that is 
used to support the active catalyst must be sufficiently “open” to reduce the impact of 
partially blocked pores during discharge. Carbon nanotubes (CNTs), with good 
electrical conductivity, large surface area, and flexibility of structure, were used in this 
study to construct the carbon skeleton. Several studies have shown CNTs as an 
effective ORR catalyst too. [18-19, 23, 74-75] Hence CNTs as a catalyst support is not a 
totally passive usage.  
 
This chapter describes the preparation of carbon-coated flower-like aggregates of 
cobalt oxide NPs on multiwall carbon nanotubes (CoO-CNT) as a hybrid catalyst for 
non-aqueous LOBs. In this study, a thin layer of nitrogenated carbon was deposited on 
CoO NPs to increase the extrinsic conductivity of the latter. The nitrogenated carbon 
was derived from the calcination of the capping agent on the CoO NPs in an inert 
atmosphere. The compositing of carbon-coated CoO NP aggregates with CNTs 
conveyed a number of benefits. Firstly, the use of CNTs as the “super highway” for 
electron transport. Secondly, CNTs stacked to form an interconnecting “open” 
network which not only improved the transport of electrons, ions and electrolyte; but 
also the space for containing the solid discharge products. Thirdly, CNTs are ORR-
active and as such could be used as a co-catalyst [75, 170] Furthermore, CNTs also 
helped to stabilize the CoO nanoflowers and prevented them from aggregation during 
cell cycling. Electrochemical measurements of full cells with the CoO-CNT hybrid 
catalyst showed significant performance improvements over cells with pristine CNT 




density of 100 mA/g. The discharge-charge voltage gap was narrowed to 1.27 V. The 
cell could also be cycled at a DOD of 1000 mAh/g close to 100 cycles.  
 
5. 2 Experimental Section 
5.2.1 Synthesis of CoO-CNT hybrid: 
Multiwall CNTs (Sigma, carbon >95%, O.D=6-9 nm, L=5 µm) were first oxidized by 
a previously reported procedure. [171] In brief 10 mg multiwall CNTs were sonicated 
for 3 h in 10 mL of a 3:1 (v/v) mixture of H2SO4 (96.5%, J. T. Baker) and HNO3 (70%, 
Mallinckrodt Chemicals). The solid residue was washed with a dilute NaOH (sodium 
hydroxide pellets, Sigma, (98%) aqueous solution first, and then with DI water three 
times before drying in vacuum at 60 °C. 
 
250 mg (1 mmol) Co(Ac)2.4H2O (Cobalt (II) acetate tetrahydrate, Sigma, 98%), 1mL 
(3 mmol) oleic acid (Alfa Aesar, tech, 90%), and 30 mL 1-ODE (1-octadecene, Sigma, 
technical grade, 90%) were placed in a three-neck flask. Under stirring, the flask was 
evacuated for 30 min, purged with Ar (Soxal, H2O3ppm, O22ppm, CnHm0.5ppm) 
and the procedure was repeated three times. The mixture was then heated to 180 °C 
and kept at this temperature for 30 min before it was cooled to room temperature 
naturally. A mixture of 0.35 mL (1 mmol) oleic acid, 1.6 mL (4 mmol) oleylamine 
(Acros Organics, 80-90%) and 20 mg oxidized multiwall CNTs was then introduced to 
the flask. The mixture was evacuated and purged with Ar three times before it was 
reheated to 300 °C and kept at this temperature for 10 min. The mixture was then 
cooled down to room temperature; centrifuged to recover the solid product as a black 
powder, which was alternately washed with hexane (Fluka, ≥95.0%) and ethanol (Aik 




overnight, the remnant surfactant on the solid product was removed by heating at 400 
°C in flowing nitrogen in a tube furnace for 2 h.  
 
5.2.2 Synthesis of CoO NPs: 
Pristine CoO nanoparticles (NPs) were also prepared as a control by the above 
procedure with the obvious omission of the CNTs.  
 
5.2.3 Materials Characterization: 
The catalysts were characterized by TEM, FESEM, XRD and XPS according to the 
procedures in 3.2.3. 
 
5.2.4 Electrochemical Measurements: 
The preparation of catalyst ink, the electrodes for electrochemical measurements and 
examination of morphology evolution; and the measurement conditions were the same 
as those in 3.2.4. 
 
5. 3 Results and Discussion 
5.3.1 Morphology and Structures  
The TEM images in Figure 5.1A-B show the dispersion of numerous CoO spherules in 
an interwoven net of carbon nanotubes. The expanded view of a single spherule shows 
a flower-like structure aggregated from several small CoO nanoparticles. Each CoO 
nanoparticle was ~12 nm and the size of the flower-like aggregate was around 50 nm 
(Figure 5.1B). Closer examination also revealed that the flower-like CoO aggregates 
were enshrouded in a thin layer of amorphous carbon (Figure 5.2A-B, the area marked 




surfactant capping molecules (oleic acid and oleyl amine). The high resolution TEM 
image also shows continuous inner walls of the CNTs in the hybrid, an indication that 
the CNT structure was not destroyed during CNT oxidation and catalyst formation 
(Figure 5.2, the area marked by white arrows and white curves). The CoO 
nanoparticles were randomly packed in the aggregate and oriented in different 
directions (Figure 5.1B inset). However, lattice fringes can clearly been seen in the 
nanoparticles and their spacing of 2.13 Å and 2.46 Å correspond well with the (200) 
and (111) planes of the rock-salt CoO structure. 
 
Figure 5.1 Transmission electron microscopy and scanning electron microscopy images 
of CoO-CNT hybrid calcined at 400 °C in N2. (A)-(B): TEM images; (C)-(D) SEM images. 







Figure 5.2 High resolution TEM images of CoO-CNT.  
 
 
Figure 5.3 EDX mapping of a sampled area of the CoO-CNT hybrid and associated line 
scan spectra. 
 
EDX elemental mapping (Figure 5.3) indicated an even distribution of Co and O 
throughout the nanoflowers and a small presence of N. It should be emphasized that N 
was not only found in the CoO nanoflower aggregates, but also in CNTs without the 
CoO nanoflowers. Hence the CNTs were most likely the source of N. Line scan 
analysis of two representative nanoflowers identified four small CoO nanoparticles in 
the direction of the scan (Figure 5.3). The flower-like aggregates and some details of 
their interior could also be seen in the high resolution SEM images (Figure 5.1C-D). 
For comparison CoO was also prepared without the CNTs. The product in this case 




presence of carbon coating on these CoO spheres in the TEM images; an indication 
that the capping agent (carbon precursor) was completely removed by heating in 
flowing N2. The high resolution SEM image of the CoO particles also shows a 
corrugated surface with smaller grains, an indication that the CoO solid spheres were 
dense aggregates of a multitude of small NPs. The difference in size and morphology 
between CoO particles prepared with and without CNTs demonstrates lucidly the 
function of CNTs in restraining the growth of CoO NPs. 
 
Figure 5.4  (A)-(B) TEM images (C)-(D) SEM images of CoO NPs which were  used as 
control. 
 























Figure 5.5 TGA curve of the CoO-CNT calcined at 400 °C under N2 flow, the curve was 




The cobalt oxide content in the hybrid was ~53 wt% according to TGA measurements 
(Figure 5.5). This is smaller than the value calculated from the complete conversion of 
cobalt precursor in the starting mixture. It is however within the range of optimal 
loading according to the literature (50-67 wt%). [172] An excessively high loading 
would cause the uninhibited growth of CoO NPs while an excessively low loading 
would reduce the number of catalytically active sites. The slight 2 wt% increase in 
mass in the 250 °C to 281 °C temperature range could be explained by the oxidation of 
Co (II) to Co (III). There were no further mass changes after 579 °C. 































Figure 5.6 XRD patterns of (A) CoO-CNT hybrid calcined at 400 °C in flowing N2; (B) 
CoO calcined at 400 °C in flowing N2 and (C) CNTs. 
 
XRD analysis of CoO-CNT (Figure 5.6A) revealed two prominent sets of peaks.  The 
peaks at 36.49°, 42.39°, 61.50°, 73.68° and 77.54° are in agreement with the (111), 
(200), (220), (311) and (222) diffractions of cubic CoO standard (JCPDS #00-048-
1719) and are assigned as such. The 25.71° peak (marked with * in Figure 5.6A) is 
characteristic of the (002) diffraction from CNTs. [173] The other signature peak of 
CNTs (Figure 5.6C) at 42.78° (graphite (100)) was probably overlaid by the (200) 
peak of cubic CoO.  The crystallite size of CoO as calculated from the (111) peak by 




measurements. The crystallite size in the CoO particles prepared without the CNTs 
was 23.5 nm, much smaller than the apparent particle size in TEM and SEM. Hence 
CoO prepared without the CNTs was polycrystalline or dense aggregates of small NPs.   
The surface composition and electronic interaction in the CoO-CNT hybrid were 
examined by high resolution XPS (Figure 5.7); and compared with those in CoO and 
CNTs. The survey spectra of CoO-CNT, CoO and CNTs in Figure 5.7a detected only 
the elements of interest; and hence the samples were contaminant-free. Expectedly the 
C 1s and O 1s peaks were present in all three samples while the Co 2p peak was only 
found in the CoO-CNT hybrid and CoO. A high resolution scan in the Co 2p region of 
CoO-CNT (Figure 5.7b-A) showed the characteristics of octahedral Co2+ cations - two 
peaks at binding energies of 780.0 eV (Co 2p3/2) and 796.0 eV (Co 2p1/2); and two 
satellite peaks at 786.1 eV and 801.8 eV.[174] For the CoO particles without the CNTs, 
the Co 2p main peaks were located at 780.7 eV (Co 2p3/2) and 796.5 eV for (Co 2p1/2) 
and the satellite peaks were located at 786.3 eV and 802.7 eV. The Co peaks in CoO-
CNT were therefore shifted negatively by 0.7 eV relative to those in CoO. This 
negative shift is believed to be caused by charge transfer from N to Co species. [172] It 
is worth noting that there was a strong N 1s peak in the CoO-CNT sample which was 
absent in the other two samples (Figure 5.7A and 5.7C). A XPS fine scan in the N 1s 
region of CoO-CNT showed a sharp and symmetric peak at 399.45 eV; the location of 









 A: CoO-CNT hybrid
















Figure 5.7 XPS spectra. (a) Survey scans of the CoO-CNT hybrid, CoO and CNTs; (b) 
CoO-CNT and CoO in the Co 2p region and (c) the N 1s region of CoO-CNT, CoO and CNTs.  
 
Looking at the results of TEM, EDX and XPS analyses collectively, the formation of 
the CoO-CNT hybrid may be theorized as follows: During the first stage of heating, 
cobalt acetate reacted with oleic acid to form cobalt oleate and acetic acid. After the 
addition of a mixture of CNTs, oleylamine and more oleic acid, acetic acid was 
evacuated by vacuuming and argon purging at elevated temperature (80 C). Oleic 
acid and oleylamine could easily adsorb on the CNT surface [175] and served as the 



























nucleation or growth sites for CoO NPs formed by the decomposition of cobalt oleate. 
[176] Since the boiling points of oleic acid and oleylamine are 360 °C and 350 °C 
respectively, the post-synthesis annealing at 400 °C in flowing N2 for 2 h should be 
able to remove all physically held oleic acid and oleylamine, [8] and hence there was 
no N 1s peak in the CoO particles formed without the CNTs. In the CoO-CNT hybrid, 
on the contrary, the chemisorbed bonds between oleylamine and CNTs were strong 
enough to withstand the post-synthesis annealing. 
 
5.3.2 Full Cell Tests  



























Figure 5.8 Frist cycle discharge-charge profiles of (A) CoO-CNT hybrid and (B) CoO 
particles and (C) CNTs at current density of 100 mA/g.  
 
The suitability of CoO-CNT, CoO and CNTs as oxygen electrocatalysts was evaluated 
in full-cell LOBs using a 1M LiCF3SO3 in TEGDME electrolyte. The first cycle 
discharge-charge curves of cells with different cathode catalysts (CoO-CNT hybrid, 
CoO and CNTs) at 100 mA/g are shown in Figure 5.8. Clearly the CoO-CNT hybrid 
surpassed the other two catalysts in terms of specific capacity (higher) and voltage gap 




mAh/g respectively are much higher than most of the literature values for CoO and 
Co3O4 catalysts [9, 11, 114-117] Among the three tested catalysts, the CoO-CNT hybrid 
catalyst also provided ~2.63 and 2.8 times of the capacities of CoO and CNTs 
respectively. In addition, the voltage gap (measured at 2000 mAh/g, charge end point 
of cell with CNTs) of 1.27 V for the CoO-CNT hybrid catalyst is also the lowest 
compared with CoO (1.59 V) and CNTs (1.83 V) (Figure 5.8). The CoO-CNT hybrid 
catalyst showed a slightly more facile ORR kinetics than the pristine CNT catalyst as 
the ORR overpotential was reduced by 103 mV. On the other hand, the ORR 
overpotentials for cells with CoO-CNT or CoO NPs were about the same. Hence the 
improved ORR kinetics of the CoO-CNT hybrid was mainly contributed by the CoO 
NPs.  The voltage gap difference was mainly caused by OER processes since the 
difference between the discharge voltage plateaus of the three cathode catalysts was 
small. The increase in capacity and the decrease in cell polarization had to be structure 
and composition related. The open architecture of the hybrid catalyst should promote 
easier ionic transport through the electrolyte. The CoO NPs in the hybrid, although 
nonconductive, were covered with a thin layer of nitrogenated carbon from the 
decomposition of the capping agent. Nitrogenated carbon is known to be electronically 
more conductive. [177] The CoO NPs were also in close contact with the CNTs, another 
high conductivity medium. The CNTs were interwoven to form a continuous network 
where electrons could flow easily with minimum resistance. The free volume in the 
CNT net could also more easily accommodate solid discharge products. Since oxygen 
electrocatalysis is a surface phenomenon, the smaller CoO NPs in the case of CoO-
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Figure 5.9 Charge-discharge profiles of cells with the CoO-CNT hybrid as cathode 
catalyst at different current densities.  
 
The rate performance of these catalysts was evaluated at three different current 
densities: 100, 200 and 500 mA/g. Figure 5.9 shows the decrease in the specific 
capacity and the increase in the voltage gap with the increase in current densities. The 
greater ORR and OER polarizations at higher current densities are consistent with 
other literature reports. [11, 116] The decrease in capacity and the increase in OER and 
ORR polarizations were clearly caused by the rapid accumulation of insulating Li2O2 
discharge product on the catalyst surface which increased the resistance to the 
transport of electrolyte, ions and electrons at high current densities.  
 
Cell cyclability was evaluated by discharging and charging the cell repeatedly at 100 
mA/g to a depth of 1000 mAh/g (Figure 5.10). The voltages at the end of discharge 




CoO-CNT hybrid catalyst could cycle uninterruptedly for 98 times (Figure 5.10a). The 
discharge voltage at the end of the 98th cycle was 2.5 V and differed minimally from 
the 1st cycle discharge voltage (2.7 V). This suggests that the ORR kinetics had not 
diminished much with cycling. On the contrary the end-of-charge voltage had 
increased from 3.64 V in the 1st cycle to 3.92 V at the end of the 98th cycle. This 
substantial increase indicates that OER was more susceptible to discharge product 
accumulation in cycling than ORR did. Nonetheless the end-of-charge voltages could 
all be kept below 4.0V for at least 98 cycles. By comparison the cell with CNT 
catalyst lasted only 14 cycles before the end-of-charge voltage exceeded the upper cut-
off limit of 4.6 V. The cell with the large CoO particles fared worse, lasting only for 6 
cycles. The rapid increase in the cut-off discharge and charge voltages of cells with 
CNT or CoO NPs catalyst reflects the rise in electrode resistance from the gradual 
accumulation of discharge products due to the incomplete decomposition of the latter 
during the recharge cycle. A slower intrinsic OER kinetics is probably to blame. The 
better capacity retention in cells with the CNT catalyst (than the CoO catalyst; 
although the latter provided greater first cycle capacity) correlates positively with the 
higher electrical conductivity of CNTs. The trend is similar to that observed in the 
study of carbon sphere-Co3O4 NP hybrid catalyst where the cell with only carbon 
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Figure 5.10 Cycling performance of cells with (a) CoO-CNT hybrid, (b) CoO and (c) 







Figure 5.11 Morphology evolution in CoO-CNT hybrid cathode catalyst at different 
voltages: (A) 2.2 V; (B) 4.0 V; (C) 4.2 V and (D) 4.4 V. The cells were discharged and 
charged at 100 mA/g. The scale bar is 100 nm.  
 
As catalyst performance was likely to depend on the catalyst’s ability to contain the 
insoluble discharge products, following the changes in catalyst morphology during 
discharge and charge could provide further insights. This was done by discharging and 
charging a cell to different end voltages (2.2 V, 4.0V, 4.2 V and 4.4 V). The cell was 
then disassembled and the recovered cathode was examined by SEM.  Figure 5.11 
shows the changes in the morphology of the CoO-CNT catalyst. The catalyst in the 
fully discharged state (2.2 V) took on the appearance of loose, vertically aligned flakes 
with plenty of porosity between them.  The flakes were about 20-30 nm in thickness. 
The morphology is similar to the Li2O2 nanosheets deposited on Pd-hollow spherical 
carbon cathode reported by the Zhang group. [178] This type of morphology is 
considered desirable for good performance. [178] The open architecture established by 




decomposition of the Li2O2 in the charge process. [115, 178] Charging to 4.0 V 
decomposed most of the solid discharge product; restoring a majority of the CoO 
nanoflower morphology (Figure 5.11B). There were no visible traces of the solid 
product after charging to 4.2 V (Figure 5.11C). The CoO nanoflowers in a CNT net 
were fully restored at 4.4 V signaling the complete decomposition of Li2O2 (Figure 
5.11D). The morphology evolution indicates that the CoO-CNT hybrid is effective in 
decomposing Li2O2 within the operating voltage window. This decomposition kinetics 
is reasonably facile leading to low overvoltages in the charging operation.  
 
Figure 5.12 Morphology evolution of CNT cathode catalyst at different voltages: (A) 2.2 
V; (B) 4.0 V; (C) 4.2 V and (D) 4.4 V. The cells were discharged and charged at 100 mA/g. 
The scale bar is 500 nm.  
 
The morphology of the CNT catalyst tested under the same conditions was notably 
different. Consistent with the reported literature, large toroidal particles (1.5 µm) 
proliferated in the discharge product at 2.2V. [73-74, 179] The solid covering on the 




these large toroidal particles disappeared after charging to 4.0 V, but thick layers of 
the solid product still remained. This is indication that the larger particles in the Figure 
5.12A were deposit or the top layer of the solid discharge product. The solid particles 
contracted to a size of ~100 nm at 4.2 V (Figure 5.12C). These observations are 
analogous to those of Mitchell et al [73] where small spherical particles were observed 
at shallow discharge and toroid-shaped particles at deep discharge on carbon nanofibre 
electrode. [73] The morphology evolution during charging suggests that Li2O2 was first 
formed as small spherical particles which then grew into large toroidal particles. The 
remaining small particles were obliterated at 4.4 V, re-exposing the CNTs morphology 
but there were traces of the solid discharge product in some areas of the CNTs. This 
suggests that CNTs were unable to fully decompose the discharge product at 4.4V.  
 
The morphology evolution in electrodes using the CoO-CNT hybrid or CNT catalysts 
indicates that the former is not only very effective in OER, but also in ORR. Although 
there was not much difference in the discharge voltage plateau for cells with CoO-
CNT hybrid or CNT catalyst, SEM imaging revealed that the CoO-CNT hybrid 
catalyst did affect the morphology and the distribution of Li2O2 in the electrode. The 
mechanism how these catalysts affected the morphology of the Li2O2 is not clear, 
although it is certain that the difference in catalyst performance was related mostly to 
the Li2O2 morphology and to the effectiveness of the catalyst in Li2O2 decomposition 
at various voltages. [178, 180] In general the solid discharge product could be 
decomposed at much lower voltages on the CoO-CNT hybrid catalyst and this could 






5. 4 Conclusions 
Nitrogenated carbon coated flower-like aggregates of CoO NPs were composited with 
CNTs to form a hybrid catalyst effective for ORR and OER in non-aqueous solution. 
The design was based on the use of a dual-carbon transport network: a nitrogenated 
carbon coating on the CoO NPs and the flower-like aggregates for effective charge 
injection and extraction with the CoO surface; and a skeleton of connected CNTs with 
increased electron traffic capacity for shuttling the electrons to and from the current 
collector. The electrocatalytic activity of the CoO-CNT hybrid was compared to that 
of CoO and CNT. Cells using the CoO-CNT hybrid catalyst easily outperformed cells 
with CoO or CNT catalysts in terms of specific capacity and cycling performance. 
Specifically the CoO-CNT hybrid catalyst could provide a specific capacity of ~6700 
mAh/g, a charge-discharge voltage gap of 1.27 V, and cycled for about 100 times at a 
current density of 100 mA/g. The good performance of the CoO-CNT hybrid catalyst 
could be attributed to the following reasons: (a) the good intrinsic OER performance 
of CoO NPs (b) the good electrical conductivity of CNTs and the thin nitrogenated 
carbon coating on the CoO NPs which enhanced the extrinsic conductivity of the 
hybrid catalyst. The morphology evolution at different stages of discharge and charge 
confirmed that the Li2O2 formed on CoO-CNT cathode catalyst were thin porous 
flakes which could be decomposed at lower voltages compared to the toroid-shaped 
particles formed on pristine CNTs cathode. This study therefore demonstrated the 





CHAPTER 6  LANTHANUM COABLT 
OXIDE - REDUCED GRAPHENE OXIDE 
COMPOSITES  
6. 1 Introduction  
In Chapter 5, flower-like CoO NP aggregates were evaluated as the cathode catalyst of 
LOBs. The charge transfer properties of CoO were extrinsically modified by carbon-
coating on the CoO NPs and by attaching them to MWCNTs to form CoO-CNT hybrid. 
The CoO-CNT hybrid catalyst easily surpassed the performance of pristine CoO NPs, 
MWCNTs and other cobalt oxide catalysts reported in literature in full-cell LOBs 
tested under comparable conditions. Although the conductivity of binary oxide 
catalysts can be enhanced through extrinsic modification, i.e. compositing with a 
highly conductive material like what we have done in Chapter 5, there are limits to 
how an extrinsic modification can improve intrinsic properties. [102, 113, 116, 181] Multi-
metallic oxides can be an alternative to extrinsic modification. Multi-metallic oxides 
typically contain two or more transition metals in a particular geometric arrangement 
within the crystal lattice. Certain arrangements will lead to high electronic and ionic 
conductivities to increase their suitability as electrocatalysts. [122, 125, 130, 132-133] Among 
the multi-metallic oxides, the perovskites (ABO3, where A is a rare earth metal and B 
is a transition metal) have drawn the most interest because of their high solid-state 
ionic and electronic conductivities and good area-specific catalytic activities for ORR 
and OER in aqueous solution. Yang and coworkers [182-183] have computed the ORR 
and OER activities of perovskites in aqueous solution based on the molecular orbital 




eg orbitals of the B site cations. Even though oxygen activities in aqueous and non-
aqueous solutions may not be directly relatable, [133] it is still worthwhile to consider 
perovskites for oxygen electrocatalysis in nonaqueous solution in view of the smaller 
number of candidates for the latter.    
 
Perovskites have indeed been explored in the early days of LOB research where 
aprotic carbonate electrolytes were used. Bruce et al. [110] were among the first to use 
La0.8Sr0.2MnO3 (LSM) as an oxygen catalyst in a 1M LiPF6 in propylene carbonate; 
and observed very rapid capacity fading. La0.5Sr0.5CoO2.91 (LSCO) nanowires and 
LaMn0.6Fe0.4O3 NPs have later been used for primary LOBs in carbonate-based liquid 
electrolytes but the performance was again also dismal [123-124]. From our discussion in 
Chapter 2, lithium carbonates are the main discharge product in organic carbonate-
based electrolytes formed by the attack of superoxide radical anions on the carbonate 
solvent. Any activity in charging (for which perovskites is one) actually reflects an 
ability to decompose lithium carbonates. Perovskites have subsequently been used in 
more stable organic solutions such as those based on TEGDME where Li2O2 is the 
main discharge product. For example a layered La1.7Ca0.3Ni0.75Cu0.25O4 (LCNC) 
catalyst could deliver a specific capacity of 1200 mAh/g (based on the combined 
weight of KB carbon and catalyst) and a charge voltage plateau of ~4.3 V. [128] 
Electrospun porous La0.75Sr0.25MnO3 (LSM) nanotubes also performed better than KB 
in terms of capacity (~11000 mAh/gcarbon or 6600 mAh/gcatalyst+carbon for LSM, 8200 
mAh/gcarbon for KB at ~18 mA/gcatalyst+carbon), overpotential (a 200 mV reduction during 
charging) and cycle life (124 cycles for LSM vs. 43 cycles for KB). [129] The same 
group also investigated 3D ordered macroporous LaFeO3 (3DOM-LFO) as a catalyst. 




weight of carbon), 280 mV smaller voltage gap, and longer cycle life than a typical 
KB-catalyzed cell (124 cycles vs. 43 cycles).  [122] Although these studies attested to 
the activity of perovskites for oxygen electrocatalysis in nonaqueous electrolytes with 
a performance better than that of carbon catalysts, the actual application performance 
is still inadequate even at low current densities. There was also no report on the rate 
performance of perovskite catalysts, even those with a highly porous structure. The 
mediocre catalytic performance of perovskites could be due an intrinsically low 
oxygen catalytic activity in nonaqueous media; or inadequate electrical conductivity 
due to the method of preparation in these studies. Perovskites are highly electrically 
conductive only when they are calcined at very high temperatures (e.g.  1000 C). In 
the studies conducted to date, the perovskites were calcined at relatively low 
temperatures (e.g. ≤700 C) and hence their electrical conductivity was likely less than 
optimal. It would be helpful if the perovskites could be evaluated without the concern 
for electrical conductivity. The perovskites should also be supported on a highly 
conductive substrate to minimize extrinsic resistance which may obscure the 
measurement of intrinsic activity.  
 
In this work, we explored the use of LaCoO3–reduced graphene oxide (LCO-rGO) 
nanosheet composites as cathode catalysts for nonaqueous LOBs. LCO was selected 
because it is near the peak of both the OER and ORR volcano curves (for aqueous 
reactions) according to Yang and co-workers. [182-183]  In order to increase the binding 
of LCO to GO, the LCO NP aggregates surface was first treated with polyallylamine 
hydrochloride (PAH) to be positively charged by PAH+. The charged amine groups 
inhibited the coalescence of LCO NP aggregates and allowed the GO nanosheets 




the latter through electrostatic interaction. Some of the unbounded amine groups on the 
PAH-modified LCO NP aggregates surface could cross-link with the epoxy groups on 
two or more nearby GO layers and form C-N bonds between the PAH capped NP 
aggregates and GO. [184] The maximization of the LCO NP-GO contact further 
suppressed the amalgamation of LCO NP aggregates and also improved the extrinsic 
conductivity of LCO NP aggregates. Conversely the LCO NP aggregates in the GO 
nanosheets spaced the GO nanosheets apart to curb the tendency of the latter for 
restacking. The free volume so created was also useful for the accommodation of the 
solid Li2O2 discharge product. In addition the relatively open architecture promoted 
electrolyte, oxygen and charge transport during discharge and charge. All of these 
contributed to the improvement of battery performance. Specifically two composites 
with different rGO contents were prepared (10.5 wt% and 7.5 wt% of rGO, denoted as 
LCO-rGO-10.5 and LCO-rGO-7.5 respectively). The rGO content was designed to 
locate LCO NP aggregates primarily on one side of the rGO nanosheets (LCO-rGO-
10.5) or on both sides of the rGO nanosheets (LCO-rGO-7.5). In full cell tests LCO-
rGO-10.5 surpassed LCO-rGO-7.5, pristine rGO and pristine LCO NP aggregates in 
capacity and rate performance. However LCO-rGO-7.5 delivered the best cycling 
performance. These measurements iterated once more the importance of structure in 
determining the catalyst performance.   
 
6. 2 Experimental Section 
6.2.1 Synthesis of lanthanum cobalt oxide NPs (LCO): 
The LCO NPs were synthesized by a sol-gel process. 2.5 mmol lanthanum(III) acetate 
hydrate (La(CH3CO2)3·xH2O, Sigma, ≥99.9%) and 2.5 mmol cobalt(II) acetate 




in a 250 ml beaker. 15 mmol citric acid (Sigma, 99%) was introduced under stirring. 
The mixture was thermostated in a 70 C water bath and stirred until a pink-colored 
gel was formed. The gel was heated at 100 C for 5 hours in an oven before it was 
transferred to a furnace where it was calcined at 300 C for 1 hour (using a ramp rate 
of 5 C/min). The resulting black solid was recovered, ground into a fine powder, and 
calcined at 700 C for 3 hour (using a ramp rate of 1 C /min) to form the LCO 
product. The ramp rate and the calcination temperature had been optimized to support 
the formation of the perovskite structure. A higher ramp rate (e.g. 5 C/min) or a lower 
calcination temperature (e.g. 600 C) could not form the perovskite structure. On the 
other hand, a high calcination temperature (e.g. 800 C) would lead to severe 
aggregation of the NPs and hence loss of the active surface area.  
 
6.2.2 Synthesis of graphene oxide (GO): 
GO was synthesized according to the modified Hummer’s method. Briefly 1 g 
graphite flake (Sigma, 99.8%) and 1.08 g sodium nitrite (NaNO3, Sigma, ≥99%) were 
added to 30 mL sulfuric acid (H2SO4, J. T. Baker, 95-98%) at 0 C. The mixture was 
stirred for 4 hours at 0 C.  6.0 g potassium permanganate (KMnO4, GCE laboratory 
chemicals) was then added slowly to the mixture. The ice bath was then removed and 
the mixture stirred for 15 hours. 100 mL warm DI water was added to the mixture 
dropwise, followed  by 10 mL hydrogen peroxide solution (H2O2, Sigma, 30 wt%) 
slowly. The mixture effervesced and changed its color from dark brown to dark yellow 
after GO was formed. 10 mL hydrochloric acid (HCl, J. T. Baker, 36.5-38.0%) was 
then introduced and GO was recovered as a solid residue after centrifugation. The GO 




sonication. The dispersion was then centrifuged at 4000 rpm for 5 minutes to remove 
the non-dispersibles. The solution phase that remained had a GO concentration of 7.46 
mg/mL.  
 
6.2.3 Synthesis of GO-wrapped LCO (LCO-GO): 
100 mg LCO powder was ultrasonically dispersed in 30 mL 1 g/L PAH (Sigma, 
average MW ~58,000) for 30 min followed by another 20 min of stirring.  The solid 
phase after treatment was recovered by centrifugation and redispersed in 10 mL 
deionized water by 15 min of sonication. 2.5 mL GO solution (7.4 mg/mL) was then 
added with stirring. The mixture was stirred for another 12 h after the end of addition. 
The black precipitate (LCO-GO-10.5) was recovered by centrifugation and dried at 
100 C for 8 h. LCO-GO-7.5 was similarly prepared but using only 1.2 mL of GO 
solution. 
 
6.2.4 Synthesis of LCO-rGO composites 
LCO-rGO composites were synthesized by chemically reducing the GO-wrapped LCO. 
In a typical preparation, 80 mg LCO-GO composite and 15 mL hydrazine hydrate 
solution (N2H4, Sigma, 78-82%) were mixed and stirred for 1 h. The solid phase was 
then recovered by centrifugation and dried at 100 C for 8 h. 
 
For comparison purpose, rGO was prepared from GO by the same reduction procedure. 
 
6.2.5 Materials Characterization: 
The procedures of 3.2.3 were also used for the TEM, FESEM, XRD and XPS 




Thermogravimetric analysis (TGA) was performed in air on a Shimadzu DTG-60H 
from 25 C to 800 C at a heating rate of 10 C/min. 
 
6.2.6 Electrochemical Measurements: 
The equipment, measurement and testing conditions; and the preparation of catalyst 
ink and electrodes were the same with those in 3.2.4. 
 
For the examination of morphology evolution during discharge and charge, the 
catalyst ink composition was changed to 8:1:1 by weight. After subjecting the cell to 
the desired test conditions, the battery cell was disassembled and the carbon paper disc 
was immersed in acetonitrile for 2 h to remove the electrolyte. The carbon paper disc 
was then dried in a glove box and examined by FESEM.  
 
6. 3 Results and Discussion 


















Scheme 6.1 Schematic for the synthesis of LCO-rGO composites. 
 
The processes in the synthesis of LCO-rGO composites are summarized in Scheme 




Strong sonication was used to decrease the size of the aggregates. At the same time, 
the adsorption of PAH (a positively charged polymer in aqueous solution) on the un-
aggregated NPs imparted a positive surface charge to the latter. The formation of the 
LCO-rGO composites was based on two interactions: 1) electrostatic adsorption and 2) 
crosslinking. GO was highly negatively charged when it was dispersed in water due to 
the ionization of its surface carboxylic acids and phenolic hydroxyl groups. [185] The 
addition of the aqueous GO dispersion to the PAH-LCO dispersion bound the 
(negatively charged) GO nanosheets with the (positively charged) PAH-LCO 
electrostatically. Some of the unbounded amine groups in PAH could also crosslink 
with the epoxide groups on nearby GO nanosheets to strengthen the attachment [186-
187]. The LCO-GO composites were then reduced to LCO-rGO composites by 
hydrazine.  
 
Figure 6.1 TEM and SEM images of LCO NP aggregates calcined at 700 C. (A)-(B) 






Figure 6.1 shows the TEM and SEM images of the aggregated LCO NPs prepared by 
the sol-gel method. The LCO NP aggregates were irregular in shape and the size of 
their longest size was in the range of 70 to 100 nm. Aggregation of the NPs occurred 
because of the heat treatment at high temperature. The LCO NP aggregates were 
highly crystalline with distinct lattice fringes in the TEM image (Figure 6.1A inset). 
The lattice space of 0.272 nm corresponds well with the (110) plane of the 
rhombohedral phase of LCO (JCPDS # 00-048-0123).   
 
Figure 6.2 (A) TEM image; (B) SEM image of GO nanosheets; (C) TEM image; and (D) 
SEM image of rGO nanosheets. 
 
The morphology of GO and rGO nanosheets is shown in Figure 6.2. It is apparent that 
the chemical reduction step was mild and gentle, structurally non-destructive, and did 





Figure 6.3 (A)TEM and (B) SEM images of LCO-GO-10.5 composite; (C) TEM and (D) 
SEM images of LCO-rGO-10.5 composite. 
   
 
Figure 6.4 (A)TEM and (B) SEM images of LCO-GO-7.5; (C) TEM and (D) SEM 




LCO-GO composites were successfully prepared by the above-mentioned procedures 
(Figure 6.3 A-B and Figure 6.4 A-B). When compared with pristine LCO NP 
aggregates, the LCO NP aggregates in the composites were less aggregated due to the 
dispersion effect of the GO nanosheets. SEM images indicate that the LCO NP 
aggregates were found mostly on one side of the GO nanosheets in LCO-GO-10.5 
(Figure 6.3B) but distributively on both sides of the GO nanosheets in LCO-GO-7.5 
(Figure 6.4B). At a high GO:LCO ratio (LCO-GO-10.5, with 10.5 wt% of GO 
nanosheets), the LCO NP aggregates could be completely encapsulated by the GO 
nanosheets; giving rise to the appearance that the NP aggregates were localized only 
on one side of the GO nanosheets. As the GO amount decreased to the extent 
inadequate for the complete encapsulation of the NP aggregates (LCO-GO-7.5, with 
7.5 wt% of GO nanosheets), “sharing” of the GO nanosheets among the NP aggregates 
occurred resulting in NP aggregates present on both sides of the GO nanosheets. The 
mild chemical reduction step also preserved the morphology of LCO-GO composites 
in LCO-rGO composites (Figure 6.3C-D and Figure 6.4 C-D).  





















Figure 6.5 shows the powder diffraction patterns of rGO, LCO and LCO-rGO 
composites as analyzed by XRD. The broad peak in rGO at 22-25 may be attributed 
to the (002) diffraction of graphite. The peaks of pristine LCO NP aggregates match 
very well with those of the LCO standard (JCPDS #00-04-0123) and are assigned as 
such. Even after composite formation and chemical reduction, the LCO-rGO-10.5 
composite still displayed the LCO phase in high purity. This was not the case with the 
LCO-rGO-7.5 composite where additional peaks were found at 36.85 and 65.24, 
with correspondence to the (311) and (440) diffractions of cubic Co3O4 (JCPDS #00-
042-1467) (the diamonds in Figure 6.5). The presence of a Co3O4 phase in LCO-rGO-
7.5 indicates that the chemical reduction of rGO in this case had also reduced some 
LCO NP aggregates. This could be explained by the incomplete encapsulation of 
LCOs by the GO nanosheets in this case (LCO NP aggregates populated both sides of 
GO in LCO-rGO-7.5). The direct exposure of unprotected LCO NP aggregates to a 
strong reducing agent (hydrazine) could cause the reduction of some Co(III) to Co(II); 
and the formation of the mixed valence oxide Co3O4. Hence the LCO-rGO-7.5 
composite was biphasic and contained two types of metal oxide particles: LCO and 
Co3O4.  
 
The rGO (carbon) content in the composite was determined by TGA (Figure 6.6) in 
the temperature range of 200 C to 600 C. The weight loss below 200 C could be 
attributed to the loss of adsorbed water. The constant composite weight above 600 C 
indicates the complete removal of rGO by combustion. The percentage of rGO by 
weight in the composites calculated from the TGA measurements was 10.5 % for 






















































Figure 6.6 TGA curves of LCO-rGO-10.5 and LCO-rGO-7.5 composites. 
 
The surface composition and electronic interaction in rGO, LCO, LCO-GO and LCO-
rGO composites were deduced from high resolution XPS. The survey spectra of rGO, 
LCO, LCO-GO and LCO-rGO composites in Figure 6.7a show only the presence of 
elements of interest and hence the samples were contaminant-free. In addition to the 
intense C 1s and O 1s signals in all samples and the Co 2p and La 3d signals in all 
LCO containing samples, there was also a strong N 1s peak in the rGO sample, 
suggesting that the hydrazine reduction of GO also brought about the nitrogen doping 
of the graphene structure. The N 1s peaks in LCO-rGO composites were less visible 








































































Figure 6.7 XPS spectra. (a) Survey spectra of GO, rGO, LCO, LCO-GO and LCO-rGO 
composites; (b) La 3d spectra of LCO, LCO-GO and LCO-rGO composites; (c) Co spectra of 
LCO, LCO-GO and LCO-rGO composites. 
 
The XPS fine structures in the Co 2p and La 3d regions of LCO NP aggregates and 
LCO containing composites are shown in Figure 6.7 b-c. The conspicuous shift of the 
La 3d peaks to higher binding energies (by about 1.4 eV) in the composites (Figure 6.7 
B) suggest net electron migration from the La sites to PAH. On the other hand, the 
binding energies of the Co 2p peaks were not affected by composite formation. Hence 




also protected the La atoms during the chemical reduction of GO, and hence only 
some Co3+ were reduced to form Co3O4.  
 
Figure 6.8 XPS C 1s spectra of (a) GO; (b) rGO; (c) LCO-GO-10.5; (d) LCO-rGO-10.5; 
(e) LCO-GO-7.5 and (f) LCO-rGO-7.5. 
 
The XPS fine structures in the C 1s region are shown in Figure 5.8. The three distinct 
peaks at 284.5, 286.6 (286.8 for pristine GO) and 288.4±0.2 eV for GO and the LCO-
GO composites (Figure 6.8 a, c and e) agree well with the key features of pristine 
carbon (C-C), oxygenated carbon (e.g. C-OH and epoxide) and carbonate carbon (-
C=O) respectively. [188] The intensity of oxygenated carbon was particularly high and 
hence GO prepared by the modified Hummers method was extensively oxidized. The 




















































oxygenated carbon peak at ~ 286.5 eV decreased significantly in intensity after the 
chemical reduction; confirming the successful conversion of GO to rGO (Figure 6.8b, 
d and f). The un-reduced LCO-GO-10.5 and LCO-GO-7.5 composites had an 
additional C 1s at ~285.5 eV attributable to C-N bonding [188] which confirmed the 
covalent cross-links between GO and the PAH-modified LCO NP aggregates. The C-
N peak at 285.5 eV could be found in all LCO-rGO composites (Figure 6.8 d and f); 
indicating that the C-N bonds established between PAH and GO were not destroyed 
by chemical reduction.  
 
6.3.2 Full Cell Tests 

























Figure 6.9 First cycle discharge-charge curves of LCO, rGO, LCO-rGO-10.5 composite 
and LCO-rGO-7.5 composite at a current density of 100 mA/g. 
 
The suitability of LCO-rGO-10.5 and LCO-rGO-7.5 as an oxygen electrocatalyst was 
compared with that of rGO and LCO NP aggregates in full LOBs using 1 M LiCF3SO3 




measured at a current density of 100 mA/g with lower and upper voltage cutoffs at 2.2 
V and 4.4 V respectively. Among the four catalysts tested, the LCO-rGO-10.5 
composite had the largest specific capacity (5197 mAh/g) and the smallest voltage gap 
(1.36 V). The capacity of the LCO-rGO-10.5 cell was higher than; and the 
discharge/charge voltage plateaus were comparable to the best of perovskite catalysts 
reported to date (porous LSM and 3D-LFO; capacities of ~ 6000 mAh/g (based on the 
combined weight of catalyst and KB carbon) at 75 mA/g and ~ 4700 mAh/g at ~ 100 
mA/g, voltage gaps of ~1.35 -1.4 V). [122, 129]. The specific capacity and discharge and 
charge overpotentials of the catalysts in this study are summarized in Table 6.1.  
 
Table 6.1 Specific capacity and discharge/charge oeverpotentials of cells with rGO, 
LCO NP, LCO-rGO-10.5 and LCO-rGO-7.5 composites catalysts. 
 
Catalyst Specific capacity 
(mAh/g) 
Potential (V)* Voltage 
gap (V)* 
Discharge charge Discharge charge 
rGO 2019 1844 2.55 4.23 1.68 
LCO 3404 3164 2.65 4.17 1.52 
LCO-rGO-10.5 5197 4649 2.70 4.06 1.36 
LCO-rGO-7.5 3756 3360 2.70 4.17 1.47 
 
* Measured at specific capacity = 1500 mAh/g. 
 
LCO-rGO-10.5 and LCO-rGO-7.5 are evidently superior to pristine rGO and pristine 
LCO NPs in oxygen electrocatalysis, confirming the synergy of integrating rGO and 
LCO into a common entity. The synergy came as a result of complementary functions: 
rGO contributed to the improvement of the extrinsic conductivity of the composite to 
minimize the charge transfer resistance away from the catalytic centers. rGO also 
inhibited the aggregation of LCO NP aggregates which would otherwise reduce the 




NP aggregates in rGO nanosheets kept the rGO nanosheets apart. The free volume 
between the rGO nanosheets could accommodate the solid Li2O2 discharge product 
better and improve mass transfer. Composites could combine either strength or 
weakness and fortuitously in this case it was the former. The difference between the 
electrochemical performance of LCO-rGO-10.5 and LCO-rGO-7.5 cells could be 
rationalized as follows: in the LCO-rGO-7.5 composite, the rGO content was 
insufficient to allow the rGO nanosheets to completely go round the LCO NP 
aggregates; hence the LCO NP aggregates were found on both sides of the rGO 
nanosheets. The free volume in the composite was smaller than in the case of the 
LCO-rGO-10.5 composite; resulting in a lower specific capacity. On the contrary, the 
LCO NP aggregates were totally contained by rGO nanosheets in LCO-rGO-10.5. The 
larger free volume here facilitated the accommodation of the discharge product and 
mass transfer, and consequently a better full cell performance.  
 
The rate performance of the composite catalysts was examined at 100, 200 and 500 
mA/g (Figure 6.10). All cells displayed the classical response of decreasing specific 
capacity and increasing discharge/charge overpotentials with increasing current 
density. The effects are summarily shown in Table 6.2. Capacity wise LCO-rGO-10.5 
outperformed LCO-rGO-7.5 at all current densities; and hence can be accorded with 
an overall better rate performance. Interestingly for the composite catalysts, while the 
increase in current density depressed the discharge voltage plateau, the charge voltage 
plateau was not as affected even with a five-fold increase from 100 to 500 mA/g (4.06, 
4.19 and 4.16 V at 100, 200 and 500 mA/g respectively for LCO-rGO-10.5). Hence it 
may be concluded that the composites have good OER performance. The LCO-rGO-




and 4.19 V respectively) but there was a marked increase in the charge voltage at 500 
mA/g. With the predetermined voltage cut-off at 4.4V, only 44% of the discharge 
capacity was recoverable. The reasons for high polarization and low capacity at high 
current density for the LCO-rGO-7.5 composite cathode are not known but we surmise 
that it could be related to the size of the Li2O2 discharge product. Chen and coworkers 
[180] have examined the chargeability of air cathodes with difference sizes of Li2O2 
particles (160 nm, 300 nm and 600 nm). They observed an increase in the charge 
voltage (4.0, 4.25 and 4.45 V for 160 nm, 300 nm and 600 nm Li2O2 particles 
respectively) and a decrease in cell capacity (discharge/charge capacity of 0.375/0.37, 
0.32/0.24 and 0.20/0.14 mAh for 160 nm, 300 nm and 600 nm Li2O2 particles 
respectively ) with the Li2O2 size. In the present study, the Li2O2 in LCO-rGO-10.5 
and LCO-rGO-7.5 were morphologically different (vide infra). The Li2O2 size in 
LCO-rGO-7.5 could be larger than that in LCO-rGO-10.5 at the high current density 
of 500 mA/g. This could cause higher polarization in charging the LCO-rGO-7.5 
composite cathode. Since the fixed charge cutoff voltage of 4.4 V might be too low for 
the decomposition of large Li2O2 particles, the capacity recovery process became 
poorer. 
Table 6.2 Specific capacity and discharge/charge voltages of cells with LCO-rGO-10.5 





























100  5197/4649 2.70/4.06 1.36 3756/3360 2.70/4.17 1.47 
200 3333/3139 2.63/4.19 1.56 2833/2568 2.65/4.19 1.54 
500 2105/3369 2.45/4.16 1.71 2070/929 2.45/- - 
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Figure 6.10 Rate performance of cells with (a) LCO-rGO-10.5 and (b) LCO-rGO-7.5 
composite catalysts. 
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Figure 6.11 Cyclability of (A) LCO-rGO-10.5; (B) LCO-rGO-7.5; (C) LCO NPs and (D) 




The cycle stability of LOB cells with the two composite catalysts, pristine LCO NP 
aggregates and pristine rGO was evaluated at 100 mA/g and a DOD of 600 mAh/g. In 
the discharge/charge voltage plots of Figure 6.11, cycling was terminated when the 
discharge voltage was below 2.0 V or the charge voltage was above 4.5 V. Among the 
four cells, the cell with the LCO-rGO-7.5 composite catalyst had the highest 
cyclability – it could run for 160 cycles (and is still running) within the set limits on 
discharge/charge voltages. In the 160th cycle, the voltages at the end of discharge and 
charger were 2.63 V and 4.36 V respectively. The cell with the LCO-rGO-10.5 
catalyst lasted only 70 cycles before the discharge cutoff voltage of 2.0V was 
exceeded. The best perovskite catalyst reported to date had ran for 120 cycles at ~110 
mA/g with a DOD of 600 mAh/g (in these papers, cut-off was only set for the 
discharge voltage. The discharge voltage reached the 2.0 V cut-off in about 120 
cycles); [122, 129] the LCO-rGO-7.5 catalyst clearly surpassed the prior performance. 
Cells with rGO and unsupported LCO NP aggregates catalysts fared much worse than 
the cells with the composite catalysts; lasting only 20 and 19 cycles respectively. The 
reason for the good cycling performance of LCO-rGO-7.5 is not exactly known since 
the LCO-rGO-10.5 catalyst had better initial performance as shown previously. We 
posit that it might be related to the presence of a small amount of Co3O4 NPs in this 
composite. Co3O4 NPs have been shown to be a capable oxygen electrocatalyst for the 
LOBs. [11, 110, 115, 118] Bruce and coworkers [110] reported good capacity retention for 
nonaqueous cells with bulk Co3O4 cathodes. Recently Cui et al [118] also reported that 
mesoporous Co3O4 could lower the charge voltage to 3.75 V and deliver a specific 
capacity of 2000 mAh/g. Hence the Co3O4 phase in LCO-rGO-7.5 could have 
contributed to OER activity and capacity retention in cycling. Another likely reason 




reported capacity increase and voltage gap decrease in the cycling of cells with 
pyrochlore (Pb2Ru2O6.5) cathodes. They attributed the variations to changes in the 
catalyst structure and the oxidation states of Ru and Pb which created additional active 
sites (for OER) or allowed better access to the catalyst. The LCO-rGO-7.5 catalyst in 
this study could have behaved similarly. After the loss of some Co by Co3+ reduction 
to Co3O4, the La:Co ratio in LCO was greater than one, which might increase the 
liability of the LaCoO3 structure. The Co3O4 formed was most likely loosely deposited 
on the surface of the LCO NP aggregates. During cycling, there was a strong 
likelihood for Co3O4 detachment from the LCO NP aggregates and redeposition on the 
rGO surface to form more active sites to improve the cycling performance. The 
discharge voltage was kept above 2.5 V for LCO-rGO-7.5 in Figure 6.11b, suggesting 
some persistence of active sites and charge transfer resistance. On the contrary, the 
discharge voltage of the LCO-rGO-10.5 was 2.5 V in the 40th cycle; and fell to 2.0 V 
by the 70th cycle (Figure 6.11a). Charge transfer resistance probably increased and the 
number of active sites probably decreased after prolonged cycling due to the 
incomplete decomposition of the discharge product in the recharge process. The cycle 
stability of LCO-rGO-7.5 cathode could therefore be mostly attributed to its better 
OER performance.  
 
Many studies have shown that the morphology of the Li2O2 discharge product is 
influenced by the catalyst and determines the charge performance. The shape of the 
charge curve, the charge capacity and the decomposition of Li2O2 are most affected by 
the morphology of the Li2O2 discharge product. [179-180, 189-192] In general, highly 
crystalline Li2O2 particles (toroid-shaped particles) require a higher decomposition 




morphology of LCO-rGO composites, LCO NP aggregates and rGO in different stages 
of charge and discharge was examined to better understand the origin of different 
catalyst performance. This was done by discharging and charging the cell to different 
end voltages (2.2 V, 4.0 V, 4.2 V and 4.4V). The cell was then disassembled and the 
recovered cathode was examined by FESEM (Figure 6.12-15).  
 
Figure 6.12 Morphology evolution of the LCO-rGO-10.5 cathode at (A) 2.2 V; (B) 4.0 V; 
(C) 4.2 V and (D) 4.4 V. The current density was 100 mA/g. The scale bar is 500 nm.  
 
In the full discharged state, i.e. at 2.2 V in this study, the morphology of Li2O2 varied 
appreciably between cells with different cathode catalysts. The LCO-rGO-10.5 
cathode showed a loose porous solid with rod-like appearance and length of ~270 nm 
(Figure 6.12 A). The discharge product in the LCO-rGO-7.5 cathode was large 
toroidal particles with size varying from ~250 nm to 500 nm (Figure 6.13 A). The rGO 
cathode produced a mixture of toroid-shaped particles (~200 nm) and irregularly 




pristine LCO NP aggregates cathode was porous aggregates of spherical particles 
(~200 nm) (Figure 6.15A). Hence the morphology of the discharged product (Li2O2) 
was strongly dependent on the catalyst. 
 
Figure 6.13 Morphology evolution of the LCO-rGO-7.5 cathode at (A) 2.2 V; (B) 4.0 V; 
(C) 4.2 V and (D) 4.4 V. The current density was 100 mA/g. The scale bar is 500 nm.  
 
Charging to 4.0 V thinned the solid in the LCO-rGO-10.5 cathode to disk-like 
particles with a diameter of ~280 nm (Figure 6.12B). This is suggestion that the rod-
like particles detected at 2.2 V could be vertically aligned disks.  The toroidal shaped 
particles in LCO-rGO-7.5 and rGO cathodes also decreased in quantity at 4.0V; 
indicating the partial decomposition of Li2O2 (Figure 6.13B and Figure 6.14B). The 
Li2O2 deposit on LCO NP aggregates also decreased in quantity upon charging to 4.0V 





Figure 6.14 Morphology evolution of the rGO cathode at (A) 2.2 V; (B) 4.0 V; (C) 4.2 V 
and (D) 4.4 V. The current density was 100 mA/g. The scale bar is 500 nm.  
 
For LCO-rGO-10.5, more disk-like particles decomposed at 4.2 V to expose the 
underlying cathode (Figure 6.12 C). The small particles which could still be found in 
the SEM image (the white dots in Figure 6.12 C) are likely remnants of the disk-like 
particles after gradual decomposition. Similarly, the toroidal-shaped particles in the 
LCO-rGO-7.5 also decomposed to porous aggregates of small particles (Figure 
6.13C). The toroidal-shaped particles however remained in the rGO cathode although 
there were some decomposed small particles. The morphology of the LCO cathode at 
4.2V was similar to that at 4.0V with most of the large Li2O2 particles absent; and 
proliferation of small particles and porous film-like solid on the cathode surface 
(Figure 5.14C). It should be mentioned that the Li2O2 morphology (shape and size) on 
LCO-rGO composite catalysts changed significantly from 4.0 V to 4.2 V, whereas the 
morphology of Li2O2 on rGO underwent little changes. The 4.0 to 4.2 V voltage 




(Figure 6.9) and where the decomposition of Li2O2 likely to occur through the direct 
oxidation pathway (equation 6-1): [192] 
 
Li2O2 → 2Li+ + O2 + 2e      [6-1] 
 
A catalyst could promote the formation of Li+ vacancies for Li2O2 oxidation and then 
the OER kinetics. [192] The different morphology evolutions can then be a reflection of 
the different promotional effects of the catalysts.  rGO, although proven to be very 
effective for ORR in nonaqueous media, is actually not OER active in the same 
environment. Hence the oxidation of Li2O2 was very sluggish on the rGO cathode. The 
LCO-rGO composite catalysts were much more effective for Li2O2 oxidation. The 
reason for the facile OER kinetics of LCO-containing catalysts is not known in the 
literature. We hypothesize that it may be related to the LCO structure. The LCO 
structure is made up of CoO6 octahedrons where oxygen ions are located at the corners 
and the Co ion is at the centre of the octahedron. The La ions are situated in the space 
between the octahedrons. By forming composite with rGO, some defects could be 
induced to the LCO structure in the LCO-rGO composites. Those defects in the LCO 
structure could lead to oxygen non-stoichiometry which may be the likely active sites 





Figure 6.15 Morphology of the LCO catalyst at (A) 2.2 V; (B) 4.0 V; (C) 4.2 V and (D) 
4.4 V. The current density was 100 mA/g. The scale bar is 500 nm.  
 
The Li2O2 on all four cathodes was nearly completely decomposed at 4.4 V (Figure 
5.12D, 6.13D, 6.14D and 6.15D). The very thin films on the surfaces of LCO-rGO-
10.5, LCO-rGO-7.5 and rGO cathodes could be the rGO nanosheets. The complete 
disappearance of the Li2O2 solid phase indicates that all four catalysts were able to 
decompose Li2O2 at 4.4 V in the first cycle. However, the OER ability of the four 
catalysts was different as can be judged from the undecomposed Li2O2 solid at 4.2 V. 
The OER activity of the four catalysts ranked according to the morphology of the solid 
remaining on the cathode surface is LCO-rGO-10.5~LCO-rGO-7.5~LCO rGO.  
  
6. 4 Conclusions 
In this chapter, perovskite LCO NP aggregates; and two composites of LCO and rGO 




as a cathode catalyst in nonaqueous LOBs was evaluated. Cells with the composite 
catalysts generally performed better than cells with pristine rGO or pristine LCO NP 
aggregates catalysts in term of (higher) capacity, (smaller) voltage gap and (longer) 
cycling life. Between the two composite catalysts, the LCO-rGO-10.5 catalyst showed 
higher capacity and better rate performance but the LCO-rGO-7.5 catalyst was better 
in cyclability (a minimum of 160 cycles vs. 70 cycles). The improvement in battery 
performance due to the composite catalysts could be attributed to several reasons: a) 
an increase in extrinsic conductivity due to the presence of rGO nanosheets, which 
lowered the charge transfer resistance in discharge/charge reactions; b) the 
encapsulation of LCO NP aggregates in rGO nanosheets inhibited the aggregation of 
LCO NP aggregates and the aggregation-induced loss of active sites for the oxygen 
reactions; c) the LCO NP aggregates prevented the restacking of rGO nanosheets. The 
free volume created as such could accommodate the solid Li2O2 discharge product 
phase better and also facilitate mass transfer during discharge/charge processes. The 
higher cycle stability of the LCO-rGO-7.5 composite could be due to the presence of a 
Co3O4 phase which was not found in the LCO-rGO-10.5 composite. Co3O4 is known 
to be a competent OER catalyst for LOBs with good capacity retention. Together with 
the LCO NP aggregates it improved the capacity retention at typical DOD to prolong 





CHAPTER 7  CONCLUSION AND FUTURE 
WORK 
7. 1 Conclusions 
This thesis is an attempt to develop effective catalysts for the oxygen reactions in 
nonaqueous LOBs. Nonaqueous LOBs are selected for the study because they have the 
highest theoretical capacity among all variants of LOBs. The use of LOBs (instead of 
LABs) allows the results to be interpreted without the interference effects from 
atmospheric impurities such as CO2, N2 and moisture. While the concept of LABs was 
demonstrated as early as 1996, [3] many of the current catalysts are still afflicted by 
large overpotentials, low specific capacity, poor rate capability and unstable 
cyclability. This is primarily because of the accumulation of an insulating discharge 
reaction product (solid Li2O2) in the oxygen electrode. Therefore the catalyst design, 
in addition to selecting intrinsically active ORR and OER components; should also 
contain sufficient porosity to store the discharge product and to facilitate the transport 
of electrons and ions. In addition, the balance between cost and performance is also an 
important design consideration. The four catalysts in this study were all designed 
based on these principles where one or more oxygen electrocatalysts were combined 
with a conducting porous support with good charge and mass transfer properties. In 
some cases the catalyst support also provided co-catalyst functions to enhance the 
overall performance. These four catalysts were: (1) hollow mesoporous carbon 
microspheres (HMCMS) with AuPt nanoparticles (AuPt/HMCMS) (Chapter 3), (2) 
hybrids of Au or Ag nanoclusters (NCs) and α-MnO2 nanowires (NWs) (Au-MnO2 
and Ag-MnO2) (Chapter 4), (3) carbon-coated flower-like aggregates of CoO NPs on 




cobalt oxide NPs wrapped with nitrogenated reduced graphene oxide (rGO) 
nanosheets (LCO-rGO) (Chapter 6). The major findings of this thesis study are the 
following: 
 
1. The AuPt/HMCMS composite catalyst was designed primarily to evaluate the 
effects of catalyst structure and electrical conductivity on cell performance. The 
composite catalyst has notably improved the capacity, rate performance and cycle 
stability of un-supported AuPt NP and HMCMS-only catalysts. It also surpassed 
the performance of the AuPt-Vulcan XC-72 carbon catalyst in recent literature. [8] 
This study demonstrates that a proficient oxygen electrocatalyst (AuPt) could be 
improved further by using the HMCMS structure to enhance diffusion in the 
electrolyte and the transport of charged species.  
 
2. The catalytic activity of noble metals was modified by rendering them as noble 
metal nanoclusters. Specifically PEDOT-protected Au-MnO2 and Ag-MnO2 
hybrids were synthesized for the first time and evaluated as nonaqueous LOB 
cathode catalysts. -MnO2 NWs, which are the best bifunctional MnOx catalyst for 
LOB applications [30], were used to immobilize the NCs. The activities of the hybrid 
catalysts in full cells can be ranked in the following order: Au-MnO2 Ag-MnO2 
pristine α-MnO2. This part of the work demonstrates that Au and Ag NCs are 
effective oxygen catalyst in nonaqueous solution. The method of preparation of 
NC-catalysts is expected to be translatable to other types of metal NCs.  
 
3. Representative first-row transition metal oxides were then evaluated as low-cost 




it has shown reasonable ORR/OER activity in nonaqueous LOBs, although its 
performance to date has been limited by conductivity. The CoO catalyst was 
synthesized as flower-like aggregates of carbon-coated NPs deposited on CNTs. 
The use of two carbon nanoforms was deliberate and contributed to improving the 
extrinsic conductivity of CoO. The CoO-CNT hybrid catalyst prepared as such 
delivered very good full cell performance (capacity, rate and cycling) relative to 
CNTs and unsupported CoO NPs (without carbon coating). The performance 
enhancements could be attributed to the effectiveness of the dual-carbon 
modification in improving the charge transport property of the catalyst.  
 
4. Aside from binary transition oxides, the effectiveness of multi-metallic oxides in 
nonaqueous oxygen electrocatalysis was also evaluated (Chapter 6). Specifically 
aggregates of LCO NPs with the perovskite structure were dispersed in rGO 
nanosheets and evaluated as oxygen electrocatalysts. The effects of the rGO content 
were examined at two levels - 7.5wt% and 11.5wt% resulting in two composites 
designated as LCO-rGO-7.5 and LCO-rGO-11.5 respectively. It was found that the 
LCO NP aggregates decorated only on one side of the rGO nanosheets in LCO-
rGO-10.5 composite and on both sides of the rGO nanosheets in the LCO-rGO-7.5 
composite. In comparison with pristine rGO nanosheets, pristine LCO NP 
aggregates and the most proficient perovskite oxide catalyst in the literature, [122, 129] 
the LCO-rGO-10.5 catalyst surpassed them in capacity and rate performance, while 







Table 7.1 Capacity, rate capability and cycling performance comparisons of the four 




capacity at 100 
mA/g (mAh/g) 
Voltage gap at 








the capacity at 






AuPt/HMCMS 6028/5999 1.18 
5% @200 mA/g; 
23% @500 mA/g 1000 75 
Au-MnO2 5784/5020 1.25 
33% @200 mA/g; 
59% @ 500 mA/g 
1000 60 
Ag-MnO2 4890/4812 1.29 
40% @200 mA/g; 
58% @500 mA/g 1000 15 
CoO-CNT 6794/6548 1.17 60% @200 mA/g; 
70% @500 mA/g 
1000 98 
LCO-rGO-10.5 5197/4649 1.33 
36% @200 mA/g; 
60% @500 mA/g 
600 70 
LCO-rGO-7.5 3765/3360 1.46 25% @200 mA/g; 
45% @500 mA/g 
600 160 
 
Table 7.1 summarizes the performance of the four catalysts at a glance. Among them 
the CoO-CNT hybrid catalyst bested the other three catalysts in terms of capacity 
(highest), OER-ORR voltage gap (lowest) and cycle life at a DOD of 1000 mAh/g 
(longest). Bearing in mind that pristine CoO has the lowest conductivity; the 
impressive showing of the CoO-CNT hybrid catalyst indicated the importance of 
conductivity on catalyst performance. The AuPt/HMCMS composite catalyst, on the 
other hand, showed the best rate performance among all catalysts, demonstrating the 
effectiveness of the highly porous catalyst structure on rate performance.  
 
The morphology of Li2O2 on the catalyst surface was examined at preset discharge and 
charge voltages. The morphology of Li2O2 after discharge varied significantly among 
the four catalysts. The discharge products were more porous, flake- or film-like on the 




electron transfer in Li2O2, and hence the latter could be decomposed more readily to 
improve cell performance. We would like to emphasis the empirical basis of this 
implied causality, more in-depth studies are needed to establish the linkage between 
Li2O2 morphology, catalyst and cell performance.  
 
7. 2 Future Work 
This study examined catalysts which were designed to modify the catalyst 
conductivity (CoO-CNT and Au/Ag NC-MnO2 NW hybrids), the transfer properties 
(AuPt/HMCMS) or both (LCO-rGO composites). The results indicated that the former 
is by far the most important to full cell performance. The conductivity modifications in 
this thesis study were based on carbon-coating of the catalytically active components 
and by anchoring the latter to an intrinsically conductive matrix (CoO-CNT hybrid and 
the LCO-rGO composites). Mass transfer properties were also modulated by creating a 
more porous catalyst structure with storage volume for the discharge product 
(AuPt/HMCMS). Due to the limit of time, the charge and mass transfer properties of 
the catalyst were not optimized in the study. The catalyst support and the porous 
skeleton were all carbon-based materials, and there are doubts about their stability at 
high voltages. [91] In view of the above, the following activities may be proposed for 
future work. 
 
7.2.1 Optimization of mass and charge transport properties of CoO-based 
catalysts 
Due to time constraints, there was no attempt to optimize the carbon coating on the 
CoO NPs in the CoO-CNT hybrid catalyst (the “overall-best” catalyst in this project) 




overriding influence on cell performance, it is believed that the performance of the 
CoO NPs may be enhanced by increasing the quality of the carbon coating. For 
example the uniformity of the carbon coating may be improved by the self-
polymerization of dopamine; followed by calcination at higher temperatures (700 C). 
Moreover, a more porous CoO aggregate structure or CoO NPs supported on a porous 
conducting substrate may also be used to enhance the rate performance of CoO-based 
catalysts. The cell performance is expected to be significantly enhanced by applying 
extrinsic conductivity and mass transfer modifications concurrently.  
 
7.2.2 Substitutes for the commonly-used carbon paper electrode substrate 
There are reports which show that carbon may undergo corrosion at high voltages, 
especially in the presence of Li2O2. [91] Carbon may also promote electrolyte 
decomposition during discharge and charge processes, increasing the polarization in 
the charge process and consequently reducing the cycling performance. More robust 
electrode materials may be used to replace carbon which is ubiquitously used as the 
electrode substrate. Conducting oxides such as antimony doped tin oxide (ATO, 
conducting oxide) can be a potential candidate. It is a low cost material because of the 
natural abundance of antimony and tin and it has demonstrated high electrochemical 
stability. ATO aggregates with Ru NPs (ATO-Ru) have been used to form thin film 
LOB cathodes. [193] The cell performance was not satisfactory because the ATO-Ru 
film was not as porous as the common carbon substrate. A possible solution is to use 
porous ATO nanofibers as the electrode substrate. The ATO nanofibers can be pressed 
into pellets to imitate a carbon electrode formed from carbon nanofibers. Different 
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